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ABSTRACT 


Future  deep-sea  operations  by  the  Navy  and  others  will 
necessitate  the  development  of  materials  with  properties  superior  to  those 
currently  available.  One  candidate  for  deep -submergence  uses  is  glass 
because  of  a  number  of  favorable  properties  such  as  potential  high  strength- 
lo -weight  ratio,  transparency,  and  corrosion  resistance.  However,  before 
glass  can  be  fully  utilized  as  a  deep-sea  structural  material,  additional 
information  will  be  needed  on  its  physical  properties.  This  report  contains 
fourteen  recommendations  for  research  on  physical  and  mechanical  properties 
that  define  the  most  important  areas  in  which  more  understanding  is  needed. 
Topics  covered  are  strength,  means  of  strengthening,  structure,  dynamic 
processes,  glass  ceramics,  and  fundamental  phenomena.  The  recommenda¬ 
tions  are  justified  in  a  summary  of  available  knowledge  covering:  strength 
of  glass,  chemical  strengthening,  other  methods  of  strengthening,  transport 
properties,  structure,  vibrational  properties,  and  glass  ceramics.  Many  of 
the  recommendations  of  this  report  are  essential  to  an  understanding  of  the 
vitreous  state  and  as  such  have  application  in  fields  other  than  structural  glass. 
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INTRODUCTION 


Exploitation  of  the  oceans  for  economic  and  military  advantages 
depends  in  part  on  our  ability  to  explore  the  ocean  depths.  In  recognition  of 
this  need,  the  Navy  has  played  a  leading  role  in  supporting  undersea  technology 
and  research.  Part  of  this  effort  has  been  directed  toward  the  development  of 
deep-sea  vessels  and  structures  capable  of  operating  on  most  oi  ;he  ocean 
bottom.  Vessels  capable  of  extended  operation  at  depths  of  20,000  feet  are 
sought  because  this  depth  encompasses  98  percent  of  the  ocean  floor.  These 
structures  and  vessels  are  intended  for  eventual  use  in  lost  object  location, 
undersea  engineering  tasks,  oceanographic  research,  as  back-up  for  academic 
and  industrial  activities  in  the  sea,  and  for  defense  systems  needs. 

Vehicles  capable  of  deep-sea  exploration  must  be  compact, 
maneuverable,  must  be  aole  to  carry  a  reasonable  payload  (say.  1,000  pounds), 
and  must  have  an  underseas  hoiizontal  range  of  several  miles.  Vehicles 
possessing  some  or  most  of  these  capabilities  have  been  constructed,  but  the 
number  and  the  effectiveness  of  the  available  vehicles  drop  off  sharply  below 
about  7.000  feet.  This  depth  limitation  is  largely  due  to  the  lack  of  suitable 
materials  of  construction.  The  metals,  presently  used  for  deep-submergence 
vehicles,  do  not  have  a  high  strength-to-weight  ratio  for  deeper  capabilities. 

To  attain  greater  depths,  other  materials  with  greater  strength-to-weight 
ratios  are  being  considered.  Glass,  the  subject  of  this  report,  is  one  of  the 
materials  under  consideration,  * 


*  In  this  report  the  term  glass  typically  means  silicate,  alumino-silicatc 
and  borosilicats  glass;  however,  glass  ceramics  are  also  discussed  and  model 
glasses  are  considered  for  purposes  of  obtaining  scientific  information  applic¬ 
able  to  glasses  of  practical  interest. 


Glass  has  several  advances  as  a  deep- submersible  material. 
Its  high  compressive  strength,  exceeding  600, 000  psi,  and  low  density, 

3 

typically  2.5  g/em  ,  give  it  a  very  favorable  strength-to-w eight  ratio. 
Absence  of  ductility  eliminates  the  possibility  of  failure  by  plastic  buckling 
or  creep.  Glass  is  also  corrosion  resistant  and  is  not  expected  to  react  with 
the  ocean  environment.  Furthermore,  glass  can  be  made  transparent,  which 
is  of  value  for  deep-r,ea  exploration  and  lost  object  recovery. 

One  of  the  main  disadvantages  of  glass  for  structural  use  is 
its  low  tensile  strength.  This  apparent  weakness  is  due  to  the  extreme 
notch-sensitivity'  of  glass.  Small  surface  cracks  normally  present  in  glass 
concentrate  stresses  locally  so  that  failure  occurs  at  low  applied  loads. 

Glass  can  be  strengthened  by  inhibiting  the  growth  of  these  cracks,  or  by 
eliminating  them.  Commercially,  crack  growth  is  inhibited  by  putting  the 
surface  layer  of  the  glass  into  a  state  of  compression,  by  either  thermal  or 
chemical  means.  Surface  cracks  then  cannot  propagate  until  the  applied  loads 
overcome  the  surface  compressive  stress,  and  tensile  strengths  up  to  100,000 
psi  can  be  obtained.  Thus,  practical  means  may  be  at  hand  for  increasing  thn 
tensile  strength  of  glass  so  as  to  permit  its  use  as  a  structural  material. 

.  COMMITTEE  SCOPE,  OBJECTIVE,  AND  RATIONALE 

With  the  above  as  background,  the  Office  of  Naval  Research 
requested  the  National  Materials  Advisory  Board  to  explore  and  determine  the 
best  course  of  future  investigations  to  obtain  the  information  necessary  for 
the  proper  use  of  glass  as  a  structural  material.  The  Committee  was 
requested  to  help  ident  fy  and  recommend  a  basic  research  program  on  glass 
to  support  the  Navy's  need  for  advanced  deep-submersible  materials.  The 
strength  of  glass  and  ways  to  strengthen  glass  were  to  be  considered  from  a 
fundamental  point  of  view  taking  into  account  atomic,  molecular,  and  micro- 
structural  characteristics,  and  kinetic  processes  associated  with  these 


3 


characteristics.  Suggestions  were  to  be  given  concerning  the  areas  of 
research  to  be  supported,  the  kind  of  talent  needed,  and  the  total  time  likely 
to  be  needed  to  conduct  the  research. 

The  report  is  divided  into  two  parts.  The  first  part  presents 
•_  •'ommendations,  preceded  by  short  explanatory  passages  to  establish  their 
context.  The  recommendations  of  the  report  are  divided  into  five  sections. 
Section  A  is  concerned  with  the  strength  of  glass  and  possible  failure  mechan¬ 
isms.  Section  B  deals  with  means  of  strengthening  glass.  Section  C  involves 
structure  and  certain  dynamic  processes  that  have  a  bearing  on  Sections  A 
and  B.  Section  D  is  concerned  with  glass  ceramics  and  problems  peculiar 
to  these  materials.  Finally,  Section  E  deals  with  some  problems  of  glass 
that  are  fundamental  to  the  understanding  of  its  properties  and  structure. 

These  recommendations  are  meant  to  define  the  most  important  general  areas 
in  which  more  understanding  is  needed. 

The  recommendations  presented  in  this  report  are  classified 
as  to  priority  and  an  estimate  of  the  length  of  time  required  for  each  recom¬ 
mendation.  Recommendations  designated  Priority  I  are  aimed  at  providing 
fundamental  scientific  or  engineering  information  on  glass  that  will  aid  in 
solving  problems  associated  with  the  production  of  structural  glass. 

Priority  II  recommendations  apply  to  problem  areas  that  are  also  important, 
but  differ  from  Priority  I  recommendations  because  techniques  for  imple¬ 
mentation  of  the  recommendations  are  not  yet  available.  It  is  hoped  that  as 
good  ideas  are  suggested,  Priority  II  itams  will  also  be  supported. 

The  second  part  of  the  report  presents  a  summary  of  available 
scientific  knowledge  that  bears  on  the  recommendations  made  in  the  report 
and  is  divided  into  seven  parts:  strength  of  glass,  chemical  strengthening, 
other  methods  of  strengthening,  transport  properties  in  glass,  glass  structure, 
vibrational  properties  of  glass,  and  glass  ceramics.  Here  will  be  found  the 
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facts  that  justify  the  recommendations  presented  in  Part  I  of  the  report.  It 
is  also  intended  that  this  part  of  the  report  provide  a  source  of  technical 
information  for  the  scientist  or  engineer  interested  in  glass  as  a  subject  of 
research  or  as  a  structural  material. 

Many  of  the  recommendations  of  this  report  are  essential  to  a 
better  understanding  of  the  vitreous  state  and  as  such  have  application  in  fields 
other  than  structural  glass.  For  example,  the  development  of  better  glass 
lasers,  amorphous  semiconductors,  and  controlled  pore  glasses  for  chroma¬ 
tography,  will  also  depend  on  a  knowledge  of  glass  structure  and  the  kinetic 
and  equilibrium  properties  of  glass.  Consequently,  implementation  of  the 
rc  ommendations  is  expected  to  have  an  effect  ranging  far  beyond  the  initial 
charge  of  this  committee. 
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I.  RECOMMENDATIONS 


A.  Strength  of  Glass 

Strength  measurements  on  glass  are  usually  made  using  bending 
tensile,  or  compressive  test  configurations.  These  measurements  have 
shown  that  glass  always  fails  by  tensile  crack  propagation.  For  the  complex 
loading  conditions  expected  in  deep-submersive  hulls,  however,  other  modes 
of  failure  may  occur.  To  investigate  this  possibility,  it  is  urged  that: 

1.  The  strength  and  failure  modes  of  glass  and  glass  ceramics 
under  complex  stress  fields  be  determined. 

(Priority  I,  short  term. ) 

The  strength  of  polycrystalline  materials  is  known  to  be 
sensitive  to  various  aspects  of  the  microstructure  of  these  materials,  such  as 
grain  size,  composition,  phase  distribution,  morphology,  and  size  and  type 
of  flaws.  Since  glass  and  glass  ceramics  also  exhibit  a  dependence  of 
strength  on  microstructure,  it  is  recommended  that: 

2.  The  role  of  microstructure  in  determining  the  strength  and 
failure  mechanisms  of  glass  and  glass  ceramics  be 
determined.  The  types  of  flaws  that  are  critical  for  structural 
uses  of  glass  should  be  determined  and  limits  established  for 
their  dimensions  and  for  ocher  relevant  parameters. 

(Priority  I,  long  term. ) 

Glass,  in  many  deep-submersible  applications,  will,  of 
necessity,  be  loaded  in  an  aqueous  medium  and  undergo  cyclic  loading. 

Because  of  the  limited  and  somewhat  conflicting  knowledge  of  the  effect  of 
cyclic  loading  in  this  environment  on  the  strength  of  glass,  it  is  advised  that: 
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3.  The  fatigue  of  glasses  and  glass  ceramics  under  static  and 
dynamic  stresses  should  be  examined  as  a  function  of 
environment.  (Priority  I,  short  term. ) 

B.  Means  of  Strengthening  Glass 

Glass  may  be  strengthened  either  by  completely  eliminating 
the  flaws  that  cause  failure  or  by  stabilizing  them  by  some  sort  of  surface 
treatment.  The  first  method  has  not  met  with  any  practical  success,  although 

g 

experimental  glasses  with  strengths  of  the  order  of  10  psi  have  been  made. 
Immobilization  of  cracks  has  been  accomplished  by  introducing  a  surface 
compressive  layer  into  the  glass.  Methods  used  for  surface-compression 
strengthening  are  chemical  strengthening,  thermal  tempering,  surface 
cladding,  and  surface  crystallization.  Of  these,  chemical  strengthening  is 
perhaps  the  most  promising  technique.  It  is  capable  of  producing  commercial 
glasses  with  abraded  strengths  approaching  100,000  psi.  Considering  the 
importance  of  surface-strengthening  processes,  the  following  recommenda¬ 
tions  are  made: 

4.  Develop  compositions  and  techniques  to  enlarge  the  scope  and 
effectiveness  of  chemical  strengthening  of  glasses  and  glass 
ceramics.  In  particular,  thicker  strengthening  layers  are 
desirable.  Examine  the  limitations  of  the  method  in  terms  of 
structure,  transport  mechanisms,  and  stress- relaxation 
processes.  (Priority  1,  shortterm.) 

5.  Investigate  other  methods  of  surface  strengthening,  such  as 
flaw  removal  coupled  with  surface  protection,  use  of  glazes, 
and  surface  crystallization.  (Priority  M,  longterm.) 
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6.  Study  the  --tructure  as  well  as  the  physical  and  chemical 
properties  of  the  altered  surface  layer.  (Priority  I,  snort  term.) 

C.  Structure  and  Dynamic  Processes 

Chemical  strengthening  of  glass  is  known  to  depend  on  the  rate 
of  stress  build-up  due  to  ion  migratio:.  into  the  surface  layer  and  the  rate  of 
stress  relaxation  due  to  various  viscoelastic  processes.  By  increasing  the 
stress  build-up  and  retarding  relaxation  processes,  stronger  glasses  can  be 
obtained.  Thus,  the  production  of  strong  glasses  will  ultimately  depend  on  an 
understanding  of  the  various  kinetic  processes  that  jointly  determine  the  stress 
in  the  compressive  surface  layer.  Structure  of  the  glass  is  also  important 
since  the  dynamic  processes  will  depend  on  structure.  The  following 
research  suggestions  are  important  for  an  understanding  of  the  chemical 
strengthening  process: 

7.  Investigate  linear  and  nonlinear  viscoelastic  properties  with 
particular  emphasis  on  temperature  in  and  below  the  glass 
transformation  region.  (Priority  I,  longterm.) 

8.  Perform  fundamental  studies  on  transport  properties  designed 
to  elucidate  mechanisms  at  the  atomic  level.  Obtain  experi¬ 
mental  data  on  molecular  reorientation  and  the  flow  of  liquids 
in  the  high  viscosity  region.  Develop  theoretical  models  to 
describe  these  phenomena.  (Priority  I,  long  term. ) 

9.  Investigate  the  thermodynamics,  kinetics,  and  morphology  of 
composition  fluctuations  and  liquid-liquid  phase  separation  in 
glasses.  (Priority  I,  longterm.) 
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D.  Glass  Ceramics 

Glass  ceramics  are  formed  as  molten  glasses  and  subsequently 
heat-treated  so  that  they  become  almost  completely  crystalline.  Like  glass, 
they  can  be  strengthened  by  ion  exchange,  thermal  tempering,  and  surface 
treatments.  They  are  mentioned  in  this  report  because  they  possess  several 
distinct  advantages  over  the  parent  glasses.  They  tend  to  be  stronger,  even 
without  special  treatments,  and  possess  higher  elastic  modulii.  Certain 
compositions  remain  transparent  after  crystallization.  Many  of  the  research 
suggestions  already  presented  for  glass  are  applicable  to  glass  ceramics. 
However,  inasmuch  as  they  are  largely  crystalline,  glass  ceramics  have 
problems  associated  with  their  production,  which  are  unique.  For  example, 
control  of  the  final  crystal  size,  composition,  and  phase  distribution  requires 
quantitative  information  on  thermodynamic  relationships  and  nucleation  and 
growth  processes.  In  addition,  stress  relaxation  and  transport  processes 
differ  from  those  found  in  glass  since  defect  structure,  recrystallization, 
and  grain-boundary  migration  become  important  at  high  temperature. 
Relationships  between  strength,  rates  of  crack  propagation,  and  stress 
corrosion  also  differ  in  glass  ceramics.  Furthermore,  previous  research  on 
these  systems  has  been  motivated  by  the  desire  to  produce  thermal  and 
optical  properties  different  from  those  necessary  in  massive  structural 
materials.  The  recommendations  below  relate  specifically  to  glass  ceramics: 

10.  Study  the  crystallization  process  that  controls  the  grain  size 
and  morphology  as  well  as  the  grain  and  interstitial  composi¬ 
tions  in  glass  ceramics  in  terms  of  the  relevant  thermodynamic 
and  kinetic  parameters.  (Priority  I,  long  term. ) 
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11.  New  compositions  and  heat  treatments  of  glass  ceramics 
should  be  surveyed  with  the  goal  of  improving  the  relevant 
mechanical  and  thermal  properties.  Phase-equilibria  and 
mechanical-property  measurements  should  be  made 
simultaneously  on  compositions  of  interest.  (Priority  I, 
long  term. ) 

E.  Structure  and  Fundamental  Properties 

Almost  all  the  processes  proposed  for  study  above  depend  on 
a  relatively  small  number  of  fundamental  properties  of  glasses.  Among 
these  are  the  thermal  expansion,  elastic  constants,  specific  heat,  viscosity, 
and  glass-transition  parameters.  These  properties  are  not  sufficiently 
understood  because  of  the  complexity  of  the  atomic  arrangements  and  our 
very  limited  knowledge  of  these  arrangements.  Recent  studies  suggest  that 
significant  advances  in  the  understanding  of  both  the  atomic  arrangements 
and  the  physical  properties  are  possible  within  the  next  few  years.  To  reach 
this  goal  the  following  research  is  suggested: 

12.  Determine  the  local  atomic  environments  of  common  network 
formers  and  modifiers  ii.  oxide  glasses.  (Priority  I,  long 
term. ) 

13.  Investigate  the  structure  of  glasses  in  the  intermediate  range 
of  8  to  30  x  10  cm.  (Priority  II,  long  range. ) 

14.  Research  designed  to  yield  fundamental  understanding  of  the 
vibrational  properties  (elastic  constants,  specific  heat,  and 
thermal  expansion),  and  not  merely  the  acquisition  of  new 
data,  should  be  performed.  (Priority  II,  long  range.) 
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II.  STATE-OF-THE-ART  SUMMARY 


A.  Strength  of  Glass 

The  separation  of  e  condensed  body  into  two  parts  involves 
either  transport  processes  or  the  tearing  apart  of  cohesive  bonds.  The 
former  case  includes  hydrodynamic  or  plastic  flow,  evaporation,  chemical 
dissolution,  and  so  forth;  the  latter  includes  cleavage  and  brittle  fracture. 

As  far  as  is  known,  glass  does  not  flow  at  stresses  less  than  approximately 

g 

10  psi  at  room  temperature  and  failure  is  due  almost  entirely  to  brittle 
fracture  Theoretically,  the  atomic  forces  holding  glass  together  should  lead 

g 

to  cohesive  strengths  of  the  order  of  10  psi.  Yet  the  strength  of  glass  is 

4 

normally  found  to  be  10  psi.  This  discrepancy  between  experimental  and 

theoretical  strength  was  explained  by  Griffith  as  being  due  to  small  cracks 

in  the  glass  surface.  These  cracks  act  as  stress  concentrators  so  that  the 

tensile  stress  along  the  crack  perimeter  is  much  higher  than  the  imposed 

stress.  Failure  occurs  when  the  stress  at  the  crack  tip  exceeds  the  cohesive 

strength  of  the  material.  Quantitative  relationships  were  developed  by 

Griffith^and  subsequent  workers  relating  loads  at  failure  to  crack  geometry 

and  material  properties  such  as  elastic  moduli  and  fracture  surface  energies. 

These  developments  have  been  reviewed  adequately  in  a  number  of  recent 

(2-7) 

articles  and  will  not  be  discussed  here. 

Glass  normally  fails  from  surface  flaws,  as  stated  above. 
However,  when  the  surface  has  been  strengthened  by  flaw  removal  or  by 
chemical  strengthening,  fracture  may  be  initiated  by  internal  stress  concentra¬ 
tors  such  as  bubbles  or  crystalline  precipitates.  In  addition,  fracture  modes 
other  than  tensile  failure  may  occur,  especially  when  the  glass  is  subject  to 

complex  loading,  little  is  known  of  the  failure  of  glass  from  internal  flaws: 

(8) 

however,  recent  experiments  by  Errsberger  have  demonstrated  both  shear 
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fracture  and  densification  at  ellipsoidal  cavities  in  glass,  as  will  be  discussed 
below.  Additional  experimentation  should  be  performed  to  elucidate  the  role 
of  internal  flaws  as  sources  of  failure. 

One  topic  that  has  received  scant  attention  is  the  behavior  of 
glass  in  bi-axial  and  tri-axial  stress  fields.  There  appear  to  be  only  three  or 
four  theoretical  treatments  of  this  subject  and  about  the  same  number  of 
experimental  treatments.  An  understanding  of  crack  propagation  in  multi- 
axial  stress  fields  is  important  to  the  design  of  deep-submergence  vehicles 
because  complex  stress  fields  are  expected  in  vehicle  hulls,  especially  at 
joints  between  glass  and  metal  parts.  An  example  of  the  type  of  str  ess  fields 
expected  can  be  obtained  from  a  stress  analysis  of  the  spherical  shell,  for 
which  the  tangential  stress  under  external  pressure  p^  is 

°t pQb  (2R  +  a  )  /  kR  (a  *  b  )1 

and  the  radial  stress  is 

°R  *  >'ob3  ,R3  '  “3)  1  ^  <a3  -  bS>l 

where  a  is  the  internal  radius  and  b  is  the  external  radius  of  the  sphere 

and  R  is  the  radial  distance  to  the  point  under  consideration.  For  large 

spheres  with  relatively  thin  walls,  the  variation  of  the  tangential  stress  is 

small  from  the  inside  to  the  outside  of  the  sphere.  The  radial  stress  varies 

from  0  at  the  inside  surface  to  p  at  the  external  surface.  Thus,  a  sphere 

o 

at  a  depth  of  20,000  feet  in  the  ocean  might  have  a  tangential  stress  of  200,000 
psi  and  a  radial  stress  that  varied  between  0  and  approximately  7,000  psi. 
Hence,  any  crack  propagation  that  occurred  would  be  in  an  essentially  biaxial 
stress  field.  Similar  considerations  hold  for  other  hull  geometries. 

Stress  distributions  will  be  further  complicated  by  the  fact 
that  entrance  ports  will  have  to  be  made  in  the  vehicle.  These  ports  will 
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probably  be  made  from  metallic  parts.  Thus,  contact  stresses  will  occur  at 
joints  between  the  metal  and  glass.  In  addition,  couple  stresses  will  arise 
from  modulus  mismatching  between  the  metallic  and  glass  parts  of  the  vehicle. 

The  first  treatment  of  failure  under  multiaxial  stress  conditions 

(9) 

was  given  by  Griffith  for  a  biaxial  state  of  stress. '  '  Griffith  assumed  that 
failure  began  with  small,  pre-existing  elliptical  cracks  and  that  the  stress 
field  gradient  in  the  material  was  small  so  that  the  cracks  could  be  treated  as 
if  they  existed  in  a  uniform  stress  field.  The  stress  tensor  representing  the 
stress  field  was  resolved  into  its  principal  stresses,  and  the  distribution  of 
stresses  along  the  surfaces  of  the  cracks  was  determined  as  a  function  of 
crack  orientation.  For  a  given  crack  size,  failure  was  assumed  to  occur  for 
the  crack  so  oriented  as  to  give  the  maximum  stress  at  some  point  along  the 
crack  perimeter.  Assuming  a  distribution  of  randomly  oriented  cracks,  the 
condition  for  failure  in  a  biaxial  stress  field  is 

2 

(o  -  (7  )  +  8  a  to  +  a  J  =  0  for  c  <  -  3  c 
12  o  1  2  2  o 

where  o,  and  a  are  the  principal  stresses  and  a  is  the  stress  for  uniaxial 
12  o 

tensile  failure.  The  condition  for  failure  when  -  3  a  so,  £  o,  is  o.  =  a  . 

o  2  1  1  o 

These  failure  conditions  are  depicted  in  Figure  1.  Regions  within  the  envelope 
represent  stress  conditions  for  crack  stability.  Outside  of  the  envelope, 
fracture  occurs. 
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Fig.  1. 


Brittle  Fracture  Under  Biaxial  Stress,  Griffith  Criterion. 


(9) 


The  above  treatment  of  biaxial  failure  assumes  the  surfaces  of 
the  crack  to  be  stress  free.  However,  MoClintock  and  Walsh  ^10^pointed  out 
that  crack  surfaces  experience  normal  and  shear  stresses  under  biaxial 
loading  because  of  contact  between  the  surfaces.  They  generalized  Griffith's 
approach  and  obtained  failure  criteria  that  depended  on  the  magnitude  of  these 
surface  stresses  (Figure  2),  The  various  curves  in  Figure  2  depict  failure 
limits  for  various  assumed  surface-stress  conditions.  The  theory  of 
McClintock  and  Walsh  is  supported  by  data  obtained  on  the  crushing  strength 
of  rocks  under  a  confining  pressure. 


1 
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Hoek  and  Bieniawski^^have  shown  that  crack  propagation 
from  open  cracks  (ultrasonically  drilled  slots)  in  a  biaxial  stress  field  followed 
the  predictions  of  Griffith.  Cracks  were  found  to  be  initiated  at  a  point  on  the 
crack  boundary  but  not  at  the  crack  tip,  and  followed  a  curved  path  (Figure  3). 
They  also  showed,  from  a  compilation  of  rock-fracture  data,  that  the 
McClintock-Walsh  theory  was  borne  out  with  a  coefficient  of  friction  ranging 
between  0.5  and  1.5.  Biaxial  compressive  studies  by  Hoek  and  Bieniawski 
on  closed  cracks  suggested  a  need  for  modification  of  the  McClintock-Walsh 
theory,  since  fracture  initiated  from  crack-surface  irregularities  rather  than 
from  the  crack  tip. 


le 


(ii) 

Fig.  3.  Effect  of  Biaxial  Loading  on  Crack  Propagation  direction. 

A  different  approach  to  biaxial  failure  of  brittle  materials  was 
(12) 

taken  by  Erdogan  and  Sih, '  who  analyzed  the  failure  conditions  for  a  two- 
dimensional  slit  rather  than  an  ellipse.  The  stress  distribution  around  the  tip 
of  a  crack  was  used  to  calculate  conditions  for  crack  propagation,  and  crack 
extension  was  assumed  to  occur  from  the  crack  tip  in  a  radial  direction  and  in 
a  plane  perpendicular  to  the  direction  of  greatest  tension.  The  equations 
developed  were  checked  experimentally  on  Plexiglas  and  found  to  agree  well 
with  the  initial  assumptions.  An  interesting  conclusion  was  that  the  shearing 
modes  of  crack  propagation  did  not  occur  in  Plexiglas. 
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Cracks  that  are  not  perpendicular  to  one  of  the  principal 
stresses  are  always  subject  to  shear  stresses, which,  in  principle,  may  give 
rise  to  shear  modes  of  crack  propagation.  Theoretical  discussions  of  crack 
propagation  induced  by  shear  stresses  are  available  in  the  literature. '  '  1 

Shear  induced  crack  propagation  occurs  if  the  solid  can  resist  only  a  finite 
amount  of  elastic  shear  strain  and  does  not  flow  plastically.  From  the  data 
available  in  the  literature,  shear  failure  is  not  probable  under  normal  loading 
conditions.  However,  in  the  high  biaxial  stress  fields  expected  in  deep- 
submergence  hulls,  particularly  at  joints,  the  possibility  cannot  be  dismissed. 

High  compressive  stresses  in  glass  are  capable  of  causing  a 
type  of  permanent  deformation  known  as  densification.  Fused  silica, 

for  example,  can  be  densified  at  temperatures  of  300°C  and  60  kilobars 
pressure.  Densification  of  glass  at  hardness  indentations  has  also  been 
observed  at  room  temperatures. The  effect  of  densification  on  fracture 
has  not  been  studied. 

(8) 

Recent  experiments  by  Ernsberger  nave  demonstrated  the 

occurrence  of  both  shear  fracture  and  densification  at  ellipsoidal  cavities  in 

glass.  Experiments  were  conducted  by  subjecting  an  internal  bubble  in  the 

shape  of  an  oblate  spheroid  to  uniaxial  compressive  stress.  The  stress  at 

6 

the  surface  of  the  spheroid  ranged  from  0. 6  to  1. 1  x  10  psi  for  failure, 
depending  on  the  glass  tested.  Failure  occurred  either  by  densification  or 
shear  crack  formation  at  the  bubble  surface.  These  experiments  furnished 
fairly  reliable  compressive  strength  data  and  should  be  useful  for  future 
studies  of  failure  at  voids  due  to  biaxial  stresses. 
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Failure  of  glass  is  believed  by  most  investigators  to  be 
completely  brittle.  Despite  this  predominant  opinion  there  is  some  experi¬ 
mental  evidence  for  plasticity,  and  the  possibility  of  plastic  deformation 

(17) 

influencing  crack  propagation  cannot  be  dismissed.  Marsh'  'and  others 
attribute  the  permanent  deformation  at  hardness  indentations  in  glass  to 
plastic  flow.  In  addition,  Marsh  has  been  able  to  relate  the  hardness  value 

/lex 

to  the  fracture  strength  in  various  environments.  Ernsberger  has  shown 
that  densifieation  accompanies  hardness  indentations  and  believes  the  defor¬ 
mation  at  indentations  to  be  due  to  densifieation  and  not  plastic  flow. 

Evidence  for  irreversibilities  daring  fracture  comes  from 
fracture  energy  measurements,  which  yield  surface  energies  that  arc  greater 
than  the  theoretically  expected  value  by  a  factor  of  2-3. '  ’  The  difference 

between  theoretical  and  experimental  fracture-energy  values  has  not  really 
been  explained,  but  may  be  due  to  plastic  deformation  or  other  irreversi¬ 
bilities  at  the  crack  tips.  Additional  studies  will  be  necessary  to  clarify  the 
role  of  plastic  flow  during  fracture. 

Environmental  effects  on  the  strength  of  glass  will  also  be 
important  to  the  deep-submergence  program.  Moisture  in  the  environment 
is  known  to  be  deleterious  to  the  tensile  strength  of  glass.  The  effect  exhibits 
itself  as  a  time  delay  for  failure  or  a  loading  rate  dependence  of  strength  and 
is  so  severe  that,  all  other  things  being  equal,  the  long-term  strength  of 
glass  is  reduced  80  percent  by  the  presence  of  water  or  water  vapor. 

Several  excellent  reviews  on  this  subject  are  available  in  the  literature^6, 
so  only  the  main  facts  pertinent  to  the  subject  will  be  outlined  here. 


The  weakening  effect  of  water  on  glass  has  been  termed  static 

fatigue  or  delayed  failure  by  glass  technologists  and  is  presently  believed  to 

be  a  stress-corrosion  process.  The  effect  was  first  reported  in  1899  by 
(19) 

Grenet ,  who  observed  that  the  strength  of  glass  depended  on  the  rate  of 
loading  and  that  glass  could  statically  support  a  given  weight  for  a  time 
before  failing.  These  experimental  facts  were  in  contradiction  of  the  Griffith 
theory  .which  predicts  a  time-independent  failure  load  and  the  absence  of 
failure  once  a  glass  object  has  been  shown  to  support  the  load. 

Experimental  studies  on  static  fatigue  of  glass  have  shown  that: 

1.  Most  commonly,  corrosive  environments  are  required  for 
the  occurrence  of  static  fatigue. 

2.  Static  fatigue  behavior  depends  on  glass  composition. 

3.  Static  fatigue  is  an  activated  process  and  vanishes  at 
cryogenic  temperatures. 

4.  There  is  a  threshold  stress  level  below  which  static  fatigue 
will  net  occur. 

Experimental  data  on  w'hich  these  conclusions  are  based  were 

usually  obtained  by  three  or  four  point  bend  tests  and  results  were  expressed 

in  the  form  of  load,  time-to-fai!ure  curves.  Data  taken  from  groups  of 

specimens  of  varying  surface  treatment  are  usually  scattered,  bearing  little 

relationship  to  one  another.  However,  Mould  and  Southwick^2^  showed  that 

the  various  static  fatigue  curves  could  be  correlated  provided  the  ratio  of  the 

strength  in  the  test  ambient  to  that  in  liquid  nitrogen.  o/a  was  plotted 

against  the  logarithm  of  the  reduced  time  to  failure,  log,  (t/t,  _).  where 

10  0. 5 

tQ  g.  the  characteristic  duration,  is  ihe  time  to  failure  oi  a  specimen  loaded 
at  half  its  liquidmitrogen  strength.  The  universal  fatigue  curve  is  valuable 
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for  engineering  use  and  is  also  a  severe  test  of  any  theoretical  treatment  of 
the  problem. 

The  theory  of  static  fatigue  that  seems  to  be  most  consistent 

(21) 

with  experimental  data  is  the  one  suggested  by  Charles  and  Hillig. 

They  assumed  that  stress  corrosion  is  the  result  of  a  chemical  reaction 

between  water  and  the  glass  at  the  crack  tip.  The  rate  of  the  reaction  is 

enhanced  at  the  crack  tip  because  of  the  high  localized  stresses  there. 

Chemically  induced  crack  growth  occurs  until  the  Griffith  condition  for 

spontaneous  rupture  is  satisfied.  Charles  and  Hillig  treated  the  problem 

thermodynamically  and  arrived  at  specific  expressions  for  the  rate  of  crack 

growth  and  the  total  time  of  failure,  which  satisfy  the  universal  fatigue  curve. 

The  crack-velocity  equation  derived  by  Charles  and  Hillig  is 

v  =  v  exp  -  [E*-V*c  +  fV  /p]  /  RT,  (1) 

o  M 

where  E*  is  the  activation  energy  for  the  process,  V*  is  the  activation  volume, 

a  is  the  crack-tip  stress,  T  is  interfacial  surface  energy  of  the  glass-corrosion 

product  layer.  V  .  is  the  molar  volume  of  the  glass,  and  p  is  the  radius  of 
M 

curvature  of  the  crack  tip. 

Equation  1  may  be  checked  quantitatively  by  employing  fracture- 
mechanics  techniques  that  use  specimens  containing  large,  well-defined 

(22  23) 

cracks,  thus  eliminating  the  crack  length  as  an  experimental  uncertainty.  ’ 
Information  on  the  kinetics  of  the  stress-corrosion  process  can  be  obtained  by 
monitoring  the  rate  of  crack  growth  as  a  function  of  temperature,  stress 
intensity,  environment,  and  temperature.  So  far,  the  following  conclusions 
have  been  inferred  from  experimental  data. 

1.  Crack-velocity  data  quantitatively  satisfied  the  Charles-Hillig 
theory. 

2.  Crack- velocity  data  are  consistent  with  the  universal  fatigue 
curve. 
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3.  Glasses  of  different  chemical  composition  exhibit  varying 
degrees  of  resistance  to  stress-corrosion  cracking. 

4.  In  gaseous  nitrogen  containing  water  vapor,  it  can  be  demon¬ 
strated  that  there  are  three  distinct  mechanisms  of  crack 
growth.  At  low  stress-intensity  levels,  the  rate  of  crack 
growth  is  reaction  rate-limited.  At  intermediate  levels,  the 
rate  of  crack  growth  is  limited  by  the  rate  of  water  transport 
to  the  crack  tip.  At  the  highest  stress-intensity  levels,  crack 
growth  is  independent  of  environment. 

Information  on  the  stress-corrosion  of  glass  is  far  from 
complete.  Effects  of  pressure,  glass  composition,  and  electrolyte  composi¬ 
tion  on  stress  corrosion  are  not  known  and  should  be  investigated  to  provide 
engineering  information  on  the  behavior  of  glass  in  the  deep-ocean  environ¬ 
ment.  Using  newer  experimental  techniques,  stress  corrosion  of  glass  can 
be  described  in  terms  of  thermodynamic  variables  and  may  be  related  to 
chemical  processes  occurring  at  glass  surfaces.  Thus,  the  selection  of 
glass  composition  for  greatest  stress-corrosion  resistance  may  be  put  on 
a  rational  basis. 

The  effect  of  cyclic  loading  on  glass  failure  is  also  not  under¬ 
stood.  Some  view  dynamic  fatigue  of  glass  as  an  aspect  of  static  fatigue, 
but  the  experimental  evidence  is  far  from  complete  on  this  point.  Since  deep 
submersibles  will  undergo  cyclic  loading,  additional  experimental  evidence 
should  be  collected  to  determine  the  importance  of  dynamic  fatigue  to  glass 
fracture. 


22 


B.  Chemical  Strengthening 

1.  _ Introduction 

The  word  "strength"  implies  a  great  many  variables:  tension, 
compression,  shear  (and  their  combinations),  in  one,  two,  and  three 
dimensions;  cyclic  and  static  stressing;  ambient  environment;  failure  modes. 
This  discussion  of  chemical  strengthening  will  be  mainly  concerned  wit> 
strength  as  measured  by  uniaxial  tension  in  the  normal  atn  osphere,  with 
time  to  fracture  of  the  order  of  10  seconds. 

Tensile  strength  is  an  important  engineering  parameter  even 
when  the  contemplated  structural  application  nominally  involves  only  com¬ 
pression.  Glass  is  so  strong  in  compression  that  fracture  is  usually  to  be 
ascribed  to  a  parasitic  tensile  stress  of  some  kind.  From  an  engineering 
standpoint,  therefore,  any  method  for  increasing  the  tensile  strength  of  glass 
will  have  the  effect  of  increasing  its  effective  strength  under  compressive 
and  shear  loading. 

2.  _ Need  for  Increased  Strength 

It  is  customary  to  design  very  conservatively  when  glass  is  to 
(24  25) 

be  used  in  a  structural  application. '  ’  '  Such  conservatism  is  justified, 

because  glass  fails  by  brittle  fracture  rather  than  by  yield,  and  brittle 
fracture  usually  means  a  complete  loss  of  load-bearing  capacity.  In  contrast, 
the  ductile  yield  that  is  characteristic  of  metal  failure  may  actually  increase 
the  effective  strength  of  the  part.  The  absence  of  yield  also  means  that 
glass  is  "unforgiving";  that  is,  it  may  fail  from  some  purely  local  stress  that 
was  not  considered  in  design,  such  as  an  over-tightened  bolt  or  an  ill-fitting 
frame.  The  effective  strength  of  glass  may  also  decrease  unpredictably  in 
service,  if  it  is  exposed  to  mechanical  damrge. 
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In  the  case  of  annealed  glass,  conservative  design  usually 
means  that  the  average  breaking  stress  should  be  reduced  by  a  safety  factor 
of  about  10  to  estimate  the  permissible  working  stress.  The  useful  strength 
of  annealed  glass  is  therefore  only  about  1,000  psi.  Obviously,  glass  has 
little  potential  as  a  structural  material  unless  the  useful  strength  can  be 
increased  by  one  or  two  orders  of  magnitude. 

There  is  only  one  known  approach  to  the  strengthening  of  glass; 

namely,  the  provision  of  a  state  of  compression  in  the  surface. '  ;  The  so- 

called  thermal  tempering  process  raises  the  long-term  mean  breaking  stress 

of  soda-lime  glass  to  15,000  -  20,000  psi.  The  nature  of  the  strength 

distribution  is  such  that  a  safety  factor  of  5  is  sufficiently  conservative,  so 

the  useful  strength  of  fully-tempered  soda-lime  glass  is  about  3,000  -  4,000 

psi.  This  strength  is  enough  to  permit  the  use  of  glass  for  the  walls  of  large 

aquarium  tanks,  for  doors,  and  so  on.  However,  there  is  still  a  large  gap 

between  the  strength  of  tempered  glass  and  the  strength  of  structural  steel 

(yield  strength,  about  50,000  psi).  In  recent  years,  this  gap  has  been 

essentially  closed  by  the  advent  of  the  so-called  "chemical”  approach  to 

(27  28} 

surface-compression  strengthening. '  *  ; 

3; _ General  Characteristics  of  Chemical  Strengthening 

There  are  many  chemical  strengthening  processes,  but  they 
have  in  common  one  basic  principle;  the  treatment  tends  to  produce  an 
increase  in  the  molar  volume  of  the  surface  structure  relative  to  that  of  the 
interior.  Since  the  expansion  of  the  surface  structure  is  restrained  in  two 
dimensions  by  the  underlying  material,  a  two-dimensional  state  of  surface 
compression  results.  Usually,  the  change  in  molar  volume  is  brought  about 
by  a  change  in  the  chemical  composition  of  the  surface;  hence  the  term 
"chemical"  strengthening. 


The  magnitude  of  the  surface  stress  associated  with  a  given 
volumetric  change  can  be  shown  from  elementary  principles  of  stress  analysis 
to  be 

a  =  k  1  -  2v  A  V  , 

1  -  v  V 

where  k  is  the  bulk  modulus  and  v  is  Poisson's  ratio.  The  bulk  modulus  is 
usually  not  known,  but  it  is  related  to  Young's  modulus  by  the  following 
equation: 

k  =  E 

3(1  -  2v) 

Combining  these  two  relationships, 

a =  E  AV  , 

3(1 -v)  V 

Thus,  a  1  percent  volumetric  change  in  a  material  having  a  Young's  modulus 
of  10  million  psi  and  a  Poisson’s  ratio  of  0. 25  would  be  expected  to  provide  a 
surface  compressive  stress  of  about  44,000  psi. 

Obviously,  this  analysis  has  involved  a  number  of  assumptions: 
a  surface  layer  that  is  much  thinner  than  the  substrate,  elastic  properties 
that  are  unchanged  by  the  chemical  treatment,  absence  of  stress-relaxing 
processes,  etc.  Deviations  from  the  simple  theory  will  be  discussed  later. 

According  to  the  usual  approximate  rule,  the  useful  strength  cf 
a  surface-compressed  glass  is  equal  to  the  sum  of  the  surface-compression 
stress  and  the  annealed  strength.  This  rule  may  be  applied  to  chemically 
strengthened  glass,  but  only  after  due  consideration  of  the  effective  thickness 
of  the  compressed  layer  relative  to  the  depth  of  the  surface  abrasions  that 
may  be  expected  in  manufacture  or  in  service.  The  compression  depth  of 
chemically  strengthened  glass  is  controllable,  in  principle,  but  in  practice 
It  is  limited  to  a  few  hundred  microns.  The  reasons  for  this  limitation  will 
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be  discussed  below,  but  the  general  nature  of  the  problem  can  be  inferred 
from  the  fact  that  chemical  strengthening  is  ordinarily  accomplished  by  the 
diffusive  penetration  of  some  reagent  supplied  at  the  surface,  and  diffusive 
penetration  depth  is  proportional  to  the  one-half  power  of  time. 

The  subsurface  profile  of  stress  in  a  plate  of  chemically 
strengthened  glass  is  ordinarily  quite  different  from  that  of  thermally 
tempered  glass.  In  the  latter,  the  profile  is  very  near  to  a  simple  parabola 
and  the  magnitude  of  the  surface  compression  maximum  is  approximately 
twice  the  magnitude  of  the  tension  maximum  existing  in  the  interior  of  the 
glass.  In  chemically  strengthened  glass,  however,  the  profile  in  general  is 
not  parabolic.  Instead,  the  stress  tends  to  reproduce  the  error-function 
profile  of  the  ion  distribution.  However,  the  profile  may  be  considerably 
distorted  by  stress  relaxation.  It  is  not  uncommon  for  a  subsurface  stress 
maximum  to  occur.  The  stress  profile  is  also  strongly  dependent  on  the 
depth  of  penetration  relative  to  the  thickness  of  the  plate.  There  is  a  nearly 
flat  central  region  of  tension,  which  changes  abruptly  to  compression  in  the 
chemically  altered  region.  The  depth  of  compression  is  measured  (optically) 
from  the  surface  to  the  plane  at  which  this  crossover  occurs.  The  depth  of 
compression  is  related  to  the  depth  of  ion  exchange,  but  is  not  necessarily 
identical  with  it.  The  ratio  of  surface  compression  to  interior  tension  may  be 
as  high  as  several  hundred.  If  the  interior  tension  is  small  enough, 
chemically  strengthened  glass  can  be  cut  and  drilled.  On  the  other  hand,  if 
the  thickness  of  the  surface-compressed  layer  is  about  10  percent  of  the  plate 
thickness,  the  central  tension  will  be  high  enough  to  support  spontaneous 
propagation  and  bifurcation  of  any  crack  that  reaches  the  interior,  and  the 
material  will  "dice"  in  the  manner  of  thermally-temperea  glass, 


4.  Ion  Stuffing 

The  chemical-strengthening  principle  that  is  presently  of 
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(30 -35) 

most  commercial  importance  involves  the  substitution  of  large  ions  for  small.  v‘ 

This  substitution  distends  the  surface  structure  and  leads  to  surface  compres¬ 
sion,  r  s  explained  in  the  preceding  section. 

There  are  two  ways  in  which  the  substitution  can  be  brought 
about:  by  diffusive  exchange,  and  by  electrically  induced  migration.  These 
modes  will  be  separately  discussed  in  detail  below. 

From  the  practical  standpoint,  only  the  ions  of  Li,  Na,  K,  and 
P  g  exhibit  a  useful  degree  of  mobility.  In  principle,  the  remaining  alkali 
ioDS,  polyvalent  ions,  and  even  anions  should  produce  stuffing  effects,  but 
experimentally  the  results  are  unsatisfactory  or  inconclusr  e. 

Composition  is  an  important  variable  in  the  practical  utilization 
of  this  principle.  Thus,  alkali  ions  are  more  mobile  in  aluminosilicates  than 
in  silicates,  but  less  mobile  in  the  borosilicates. 

The  temperature  at  which  the  foreign  ions  is  introduced  is 
necessarily  somewhat  below  the  annealing  range  of  the  glass.  How  far  below 
is  a  compromise  between  the  desirable  increase  in  rate  of  diffusion  that 
attends  an  increase  in  temperature,  and  the  undesirable  spontaneous  stress 
relaxation  that  accompanies  viscous  flow. 

a. _ Diffusive  Exchange 

Alkali-containing  silicate  glasses  have  ion-exchange  properties 
much  like  those  of  the  zeolites,  except  that  higher  temperatures  are  required 
and  only  anhydrout.  ions  come  into  consideration.  Instead  of  an  aqueous 
solution,  fused  salts  are  employed.  Nitrates  ire  commonly  used,  but  other 
salts  are  sometimes  useful. 

To  a  first  approximation  the  diffusion  process  fellows  Fick's 
law,  and  the  concentration  profile  of  the  entering  ion  has  the  typical  error- 

/o/*  v 

function  contour.  ’  However,  the  process  is  unusual  in  that  the  diffusing 
species  are  charged.  Electrical  neutrality  requires  that  the  sum  of  the 
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concentrations  of  the  two  (or  more)  interdiffusing  monovalent  cations  remain 

essentially  constant  throughout  the  exchange  within  every  volume  element  of 

the  glass.  Consequently  there  is  a  coupling  between  the  diffusion  of  the 

displaced  and  the  displacing  ions.  Therefore,  the  process  is  characterized 

(37) 

by  an  ' ’interdiffusion  coefficient,  ;  which  is  a  function  of  the  self-diffusion 
coefficients  of  the  ions  in  the  process. 

Closer  examination,  of  course,  reveals  a  host  of  second-order 
considerations,  including  concentration-dependent  diffusion  rates,  specific 
ion  effects,  stress-dependence  of  diffusion,  mixed-alkali  effects,  Active  state, 
microstructure  effects,  etc.  Most  of  these  are  poorly  understood. 

It  is  possible  to  chemically  strengthen  a  thermally  strengthened 
glass,  thereby  superimposing  the  effects.  The  results  tend  to  be  disappointing 
because  of  relaxation  of  the  thermally  induced  stresses  during  the  lengthy 
chemical  treatment. 

b_ _ Electrical  Migration 

The  fact  that  the  diffusing  species  are  charged  affords  the 
opportunity  to  influence  the  direction  and  rate  of  ion  diffusion  by  the  application 
of  electrical  fields.  Electrically  induced  migration  does  in  fact  occur,  and 
offers  several  potential  advantages. 

The  profile  of  ion  concentrations  is  quite  different  in  the  cases 
of  electrical  migration  and  diffusive  exchange.  Normally  a  larger,  less- 
mobile  ion  will  be  used  to  displace  a  smaller  ion.  Under  these  conditions,  the 
resistivity  of  the  volume  occupied  b>  the  incoming  ion  is  larger  than  that  of 
the  original  glass,  and  the  electrical  field  is  correspondingly  more  intense. 
This  has  the  effect  of  sharpening  the  boundary  between  the  leading  and  the 
following  ions  to  an  indefinite  extent;  that  is,  a  shock  front  develops,  and  a 
square-wave  ion  concentration  profile  is  maintained  as  long  as  the  field  is 
applied.  A  given  depth  of  penetration  will  therefore  produce  a  higher  surface 
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stress  than  in  the  diffusive-exchange  case. 

The  use  of  electrical  fields  offers  other  potential  advantages. 

If  the  foreign  ions  can  be  introduced  at  a  lower  temperature  than  that  required 
for  unaided  diffusion,  stress  relaxation  should  be  minimized.  Thicker  com¬ 
pression  layers  may  also  be  attainable,  inasmuch  as  electrical  penetration 
should  tend  to  be  linear  with  the  first  power,  rather  than  the  one-half  power, 
of  time.  It  would  also  be  expected  that  the  replacement  of  native  ions  by 
foreign  ions  should  proceed  more  nearly  to  completion. 

The  electrical  process  has  certain  serious  practical  disadvan- 
tages,  however.  The  fact  that  glass  has  a  positive  temperature  coefficient 
of  conductivity  tends  to  cause  channeling  of  current  flow  to  any  slightly  over¬ 
heated  area  of  a  plate-shaped  conductor,  and  the  result  is  perforation.  This 
instability  is,  to  some  extent,  compensated  by  the  buildup  of  resistance  with 
depth  of  penetration. 

Depth  of  penetration  should  increase  linearly  with  time  for  the 

electrical  process,  which  would  be  a  substantial  advantage  over  the  diffusion 

process.  However,  the  overall  resistivity  of  a  plate  increases  so  rapidly  as 

penetration  proceeds  thai  the  maintenance  of  constant  current  soon  requires 

2 

such  high  voltages  that  the  I  R  power  developed  in  the  glass  throws  the 
system  into  the  unstable  current  distribution  already  mentioned. 

It  is  apparent  that  the  electrical  process  is  fundamentally 
one-directional,  which  is  a  disadvantage  for  many  purposes.  It  has  been 
demonstrated,  however,  that  both  sides  of  a  flat  plate  can  be  more  or  less 
equally  strengthened  by  electrolyzing  one  side  to  twice  the  required  depth, 
followed  by  a  reversal  of  polarity  and  the  passage  of  half  the  original  quantity 
of  charge  in  the  opposite  direction. 

Another  fundamental  difficulty  with  the  electrical  process  is 
that  some  part  of  the  surface  of  the  object  must  be  left  untreated,  to  jerve 
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as  electrical  insulation  between  the  cathode  and  anode  compartments  of  the 
treatment  cell.  The  untreated  surface,  of  course,  remains  vulnerable. 

c.  Temperature  limitations  of  Ion  Stuffing 

Both  the  process  and  the  product  tend  to  be  limited  by  relaxa¬ 
tion  processes  that  occur  at  elevated  temperatures. 

It  is  characteristic  of  the  ion-exchange  process  that  the  tensile 
strength  of  the  product  tends  to  go  through  a  maximum  as  the  processing 
time  is  extended.  The  higher  the  processing  temperature  for  a  given  glass 
composition,  the  earlier  the  maximum  i^  reached  and  the  steeper  the  decline 
thereafter.  The  reason  for  this  behavior  is  qualitatively  understood.  Even 
though  the  temperature  of  the  treatment  may  be  below  the  nominal  strain 
point  of  the  glass,  the  temperature  is  still  high  enough  to  permit  viscous  and 
viscoelastic  relaxation  processes  to  occur  at  an  appreciable  rate.  This  is 
particularly  true  of  the  surface  layer,  where  stress  levels  are  in  the 
100,000-psi  range.  It  must  be  remembered  that  "annealing"  and  "strain" 
temperatures  were  arbitrarily  defined  in  terms  of  the  rate  of  release  of  the 
very  small  stresses  that  occur  in  the  final  stages  of  annealing. 

In  the  use  of  an  ion-e*change-streugthened  product  at  elevated 
temperatures,  these  same  viscous  and  viscoelastic:  processes  can  continue. 
There  is,  however,  an  additional  relaxation:  in  the  absence  of  a  supply  of  the 
foreign  ion,  the  ionic  concentration  gradients  tend  to  disappear.  Both  types 
of  relaxation  have  been  shown  to  be  highly  significant  at  temperatures,  that 
approach  those  of  the  original  chemical  treatment. 

5.  Differential  Thermal  Expansion 

For  practical  reasons,  the  chemical  modification  of  glass 
surfaces  to  a  significant  depth  can  be  done  only  at  elevated  temperatures. 
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If  the  chemical  modification  is  one  that  substantially  lowers  the  thermal 
expansion  coefficient  of  the  surface  layer,  the  operation  of  cooling  the  glass 
to  ordinary  ambient  temperatures  will  give  rise  to  a  compressive  stress  in 
the  surface. 

a.  _ Change  in  the  Composition  of  the  Surface 

The  simplest  realization  of  the  differential  thermal-expansion 
concept  is  simply  the  coating  of  a  low-expansion  glass  on  one  of  higher 
thermal  expansion.  This  concept  has  seldom  been  usefully  applied  to  glass, 
but  the  principle  is  important  in  the  specification  of  glazes  for  ceramic  ware. 

Glasses  can  be  superficially  dealkalized  by  high-temperature 

1391 

treatment  with  a  variety  of  acidic  reagents,  such  as  gaseous  SO  or  SO  . ' 

2  3 

The  resulting  surface  skin  has  a  lower  thermal-expansion  coefficient  as  well 
as  higher  durability.  Unfortunately,  the  process  tends  to  be  self-limiting; 
that  is,  the  dealkalized  surface  tends  to  prevent  further  diffusive  loss  of 
alkali  oxide. 

Ion  exchange  affects  the  thermal  expansion  of  the  surface; 

thus,  the  treatment  of  a  soda  glass  with  a  fused  lithium  salt  above  the  strain 

140  411 

point  gives  a  strengthened  product  on  cooling.  ’ 

b.  _ Change  in  State  at  the  Surface 

A  change  in  state  from  glass  to  crystal  will,  in  general,  have 
a  large  effect  on  the  thermal-expansion  coefficient.  It  is  particularly  easy  to 
produce  such  an  effect,  because  glasses  that  do  not  contain  special  nucleating 
agents  are  highly  resistant  to  devitrification  everywhere  but  at  the  surface. 

It  happens  that  lithium  aluminosilicate  glasses  within  a  not-too- restricted 
range  of  compositions  devitrify  to  a  phase  (the  beta  eucryptite  solid  solution 
series)  that  not  only  has  a  very  low  thermal-expansion  coefficient,  but  also 
has  nearly  the  same  refractive  index  as  the  parent  glass.  Therefore,  it  is 
possible  to  strengthen  such  glasses  by  controlled  surface  devitrification  and 
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to  do  it  without  loss  of  transparency.  This  approach  has  a  theoretical  advan¬ 
tage  over  diffusive  strengthening  processes,  in  that  the  depth  of  devitrification 
should  increase  linearly  with  time. 

Modifications  of  this  basic  principle  are  possible;  for  example, 

a  sodium  aluminosilicate  glass  can  be  converted  superficially  by  ion  exchange 

into  a  lithium  aluminosilicate  glass,  which  devitrifies  during  or  after  the 
(42> 

exchange.  '  Still  another  approach  is  to  design  a  lithium  aluminosilicate 
composition  in  which  nucleation  can  be  controlled  by  exposure  to  ionizing 
radiation.  The  surface-compressed  layer  can  then  be  made  as  thick  as 
desired  by  adjusting  the  depth  of  penetration  of  the  radiation.  -43, 44^ 

6. _ Differential  Structural  Change 

Significant  volumetric  changes  accompany  the  rearrangements 

of  the  glassy  structure  that  can  be  brought  about  by  various  means.  Of  these, 

perhaps  the  most  familiar  and  universal  is  the  "compaction"  that  occurs 

spontaneously  during  prolonged  heat  treatment.  Volume  changes  have  also 

(45  46) 

been  reported  to  occur  during  neutron  irradiation'  ’  ;and  even  during 

(47) 

ultraviolet  irradiation.  Volumetric  changes  may  also  accompany  phase 
separation  in  some  cases.  Any  of  these  is  potentially  the  basis  for  a  strength¬ 
ening  process;  all  that  is  necessary  is  to  arrange  that  the  surface  and  the 
interior  undergo  the  volumetric  changes  differentially. 
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C.  Other  Methods  of  Strengthening 
JL _ Thermal  Tempering 

Thermal  tempering  is  a  classical  method  of  strengthening 
glass  and  is  commonly  used  today  to  produce  safety  glass  for  windows.  The 
technique  involves  quenching  glass  from  temperatures  above  the  glass 
transition.  Quenching  is  accomplished  through  the  use  of  cold  jets  of  air  or 
by  other  means.  The  outside  of  the  glass  is  cooled  at  a  much  more  rapid 
rate  than  the  inside  and  as  a  result  becomes  rigid  while  the  inside  of  the  glass 
is  still  molten.  As  cooling  continues,  the  interior  regions  of  the  glass 
contract  at  a  greater  rate  than  the  rigid  exterior  region, and  a  stress  profile 
is  established.  The  stress  profile  is  very  nearly  parabolic  in  thermally 
strengthened  glasses,  the  magnitude  of  the  compressive  stress  at  the  surface 
being  approximately  twice  the  magnitude  of  the  tension  maximum  existing  in 
the  central  plane,  regardless  of  the  glass  thickness. 

Descriptions  of  thermal  tempering  have  been  given  by 

Bartenev^48^and  Gardon  et  al.^49’50^  The  original  simplified  approach  by 

Bartenev  describes  the  process  well;  however,  the  more  sophisticated 

approach  by  Gardon  gives  an  even  better  description  and  suggests  more 

refined  approaches  for  the  process  of  thermal  tempering.  Two  of  the 

important  variables  in  thermal  tempering  are  the  initial  temperature  of  the 

glass  from  which  it  is  quenched,  T  ,  and  the  heat~transfer  coefficient,  h, 

o 

which  defines  the  rate  of  heat  transfer  from  the  glass  surface  and  depends  on 
engineering  variables  such  as  air  pressure,  nozzle  size,  and  nozzle  configu¬ 
ration.  For  small  heat-transfer  coefficients,  radiation  plays  a  role  in  the 
process  and  must  be  included  in  the  heat-transfer  calculation.  Figure  4 
illustrates  the  relationship  between  the  maximum  tensile  stress  in  the  interior 
of  the  glass  and  the  engineering  variables,  T  ,  and  heat-transfer  coefficient,  h. 
It  is  seen  that: 
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Fig.  4.  Degree  of  Temper  as  a  Function  of  Initial  Temperature 

(49) 

and  quenching  rate,  R.  Gardon. 

(1)  The  degree  of  temper,  S  ,  increases  with  temperature,  T^, 
rapidly  at  first  and  then  more  slowly,  approaching  a  plateau. 
No  significant  gain  in  strength  is  obtained  by  increasing  T 

o 

above  a  certain  maximum  value. 

(2)  For  higher  heat-transfer  coefficients,  tl  a  plateau  starts  at 
higher  temperatures. 

(3)  The  degree  of  temper  increases  with  increases  in  the  heat- 
transfer  coefficient. 
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An  additional  factor  that  must  be  considered  in  thermal  tempering  is  that  a 
too-low  quenching  temperature  can  cause  fracture  of  the  glass.  The  tempera¬ 
ture  threshold  for  fracture  increases  with  increases  in  the  heat-transfer  coefficient. 

Additional  refinements  of  the  thermal- strengthening  process 
(51)  (52) 

have  been  given  by  Lee  et  al_  'and  Lee  and  Rogers,  'who  presented  calcula¬ 
tions  to  account  for  relaxation  at  every  position  in  the  glass  as  the  temperature 

gradient  evolves.  Discrepancies  between  their  results  and  experimental  data 

(53) 

were  discussed  by  Narayanaswamy  and  Gardon  'and  attributed  to  features  in 
the  integration  procedures  used  by  Lee  and  Rogers.  As  a  result  of  these 
refinements  in  analyses,  it  may  now  be  possible  to  correlate  engineering  data 
with  the  relaxation  processes  occurring  during  tempering. 

Complex  stress  distributions  may  be  introduced  into  glasses  by 

thermal  tempering  through  the  use  of  variations  in  time  and  temperature 
(54) 

treatments. '  'in  addition,  combination  effects  of  tempering  and  chemical 

(55) 

strengthening  have  been  claimed. '  A  comprehensive  review  of  these  and 
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other  developments  was  published  very  recently  by  Zijlstra  and  Barggraf. 

Today  it  appears  that  the  physics  and  engineering  of  tempering  is  well  enough 
understood  to  make  government  support  for  additional  research  and  studies 
unnecessary. 

2; _ Cladding,  etc. 

The  oldest  method  of  strengthening  glass  is  that  of  sandwiching 

(57) 

glass  of  different  expansivity  to  obtain  compressive  layers. '  '  More 
sophisticated  methods  of  cladding  have  been  developed  recently;  however,  the 
procedure  is  essentially  the  same.  One  clads  a  glass  body  at  high  tempera¬ 
tures  with  a  second  glass  having  a  lower  coefficient  of  thermal  expansion. 

As  the  composite  glass  structure  cools,  ihe  outer  coating  is  put  into  a  state 
of  compression  and  thus  strengthens  the  glass  by  preventing  surface  cracks 
from  propagating.  This  technique  of  surface  strengthening  is  being  used 
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today  to  produce  "nonbreakable"  tableware. 

Compressive  surface  layers  of  glasses  may  also  be  obtained 
by  crystallization  procedures  that  involve  alteration  of  the  glass  surface 
layer.  Strengthening  occurs  provided  the  molar  volume  of  the  surface  layer 
of  the  glass  increases  upon  crystallization.  Surface  crystallization  can  be 
accomplished  either  by  heat  treatment  or  by  ion  exchange  with  the  surface. 
These  processes  were  first  controlled  and  described  by  Olcott  and  Stookey^) 
and  their  full  utilization  remains  to  be  explored. 

A  new  and  interesting  experimental  technique  of  surface 

/CQ\ 

strengthening  was  recently  developed  by  Teeg  et  al. '  ’  The  technique  does 

not  take  advantage  of  surface  compression  for  strengthening  but  instead 
depends  on  the  complete  removal  of  surface  flaws  and  protection  of  the 
surface  from  further  damage.  Protection  is  afforded  by  cladding  the  glass 
with  a  second  glass  that  is  soft  at  room  temperature.  The  cladding  glass 
binds  to  the  underlying  glass  very  strongly  and  seems  to  protect  it  by 
absorbing  abrasion  and  shock  that  might  normally  cause  scratches  or  cracks 
in  the  glass  surface.  High  strengths  have  been  obtained  using  this  technique. 
For  example,  ordinary  soda-lime  glass  canes  can  be  made  as  strong  as 
750, 000  psi  and  aluminosilicate  can  be  made  as  strong  as  900, 000  psi.  After 
a  certain  amount  of  time,  however,  the  protective  nature  of  the  coat  seems 
to  be  lost.  The  reason  for  this  loss  in  strength  is  not  understood.  Consider¬ 
ing  the  enormous  strengths  that  have  been  obtained  in  these  experimental 
glasses,  it  would  be  worthwhile  to  conduct  additional  research  on  this  type  of 
strengthening  process. 

To  sum  up  this  discussion,  there  are  a  number  of  cladding 
techniques  that  increase  the  strength  of  glass.  Some  experimental  techniques 

g 

offer  the  possibility  of  strengths  on  the  order  of  10  psi  and  more  research  is 
needed  to  fully  develop  the  potentials  of  these  techniques. 
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D,  Transport  Properties  In  Glass 

1.  Introduction 

Transport  processes  conventionally  are  divided  into  energy, 
momentum,  and  mass  transport.  Mass  transport  and  momentum  transport 
are  important  in  the  chemical  strengthening  process  and  will  be  discussed  in 
thjs  section.  In  these  processes,  the  glass  moves  toward  a  state 

of  local  equilibrium  by  reduction  of  the  driving  forces  for  transport.  Thus, 
matter  is  transported  to  reduce  compositional,  electrical,  or  stress  gradients 
and  momentum  is  transported  to  reduce  stress  gradients. 

For  purposes  of  this  report,  th°»*e  are  two  molecular  mechan¬ 
isms  for  which  the  transport  properties  should  be  understood.  One  causes 
the  glass  transition  and  is  characterized  by  silicon-oxygen  covalent  bond 
breakage  and  rearrangement  under  the  influence  of  thermal  fluctuations  and 
applied  potential  gradients.  This  relaxation  mechanism  is  important  to  the 
chemical  strengthening  process  that  is  carried  out  at  temperatures  near  the 
glass  transition.  The  second  molecular  mechanism  is  associated  with  the 
transport  of  monovalent  ions  through  a  fixed  silicon-oxygen  network.  This 
type  of  transport  is  important  because  it  permits  chemical  strengthening  of 
glass,  because  of  its  effect  on  the  elastic  moduli  of  the  glass  at  low  tempera¬ 
tures  ( delayed  elastic  effect),  and  because  of  the  possibility  of  low-temperature 
stress  release  in  the  surface  layers  of  chemically  strengthened  glasses. 

2.  Phenomenological  Transport  Theory 

Transport  processes  may  bo  described  iu  terms  of  a  flwc  and 
a  driving  force  for  the  flux,  which  are  related  to  each  other  through  constants 
that  characterize  the  material  for  the  particular  process.  Thus,  the 
diffusivity  relates  the  flux  of  matter  to  the  gradient  of  the  chemical  potential, 
and  the  viscosity  and  bulk  modulus  relate  momentum  flux  to  velocity  and 
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stress  gradients.  The  fluxes  must  satisfy  a  conservation  condition  known  as 
the  continuity  equation,  which  states  that  the  flux  into  a  small  region  must 
equal  the  flux-out  plus  any  accumulation  in  the  region.  Partial  differential 
equations  describing'  the  transport  processes  can  be  obtained  by  combining 
the  flux  equation  with  the  equation  for  continuity.  In  this  manner  one  obtains 
Fick’s  second  law  of  diffusion,  Ohm's  law  for  electrical  conductivity,  and  the 
Navier-Stokes  equation  for  momentum  transport.  Standard  techniques  for 
measuring  the  material  constants  associated  with  transport  are  based  on  the 
solution  of  these  equations  for  simple  boundary  conditions  that  are  usually 
static  or  quasi-static.  Description  of  these  techniques  may  be  found  in  the 
literature.  ^60,61) 

The  transport  coefficients  determined  by  the  classical  methods 
represent  average  properties  of  the  material,  which  means  that  matter, 
momentum,  or  charge  is  transported  over  relatively  great  distances  with 
respect  to  the  structural  dimensions  of  the  glass  and  that  the  microscopic 
details  of  the  transport  processes  are  lost.  Transport  processes  may  be 
studied  in  greater  detail  by  using  dynamic  methods  of  measurement, ' 
which  employ  cyclic  field  potentials  as  driving  forces  for  the  transport 
processes.  Thus,  alternating  '  :  '*ric  fields  may  be  used  to  measure  trans¬ 
port  of  mass  and  momentum,  and  time-dependent  stress  fields  may  be  used 
for  momentum  transport.  The  static  methods  of  measuring  transport 
properties  are,  of  course,  equivalent  to  the  dynamic  methods  in  the  low- 
frequency  range. 

To  use  dynamic  methods  to  study  transport  processes,  one 
must  consider  the  effect  of  disturbing  a  thermodynamic  first  order  property 
(volume,  str^s.  entropy,  temperature,  etc. )  from  its  initial  equilibrium 
value.  The  property  will  change,  of  course,  so  as  to  assume  a  new  equilib¬ 
rium  value.  The  change  will  not  be  Instantaneous  but  will  take  time,  depending 
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on  the  dynamic  processes  that  must  occur  to  bring  about  the  change.  Assume 
that  the  time  rate  of  change  of  the  property  from  its  initial  value  is  linearly 
proportional  to  the  size  of  the  disturbance  as  expressed  in  the  following 
equation: 


dP(t)/dt  =  r'V-p  ),  (2) 

where  P  is  the  property  at  any  time,  t,  and  P  is  the  Snal  equilibrium  value. 

-1  C 

The  proportionality  constant,  r  ,  is  related  to  the  speed  with  which  the 
process  can  occur  and  t  is  known  as  the  relaxation  dme.  Solving  the  above 
equation  tor  initial  and  final  conditions,  the  following  equations  are  obtained: 

A(t)  =  (P(t)-P  )  /  (P.-P  )  (3) 

o  1  o 

=  ‘-xpH7  ),  (4) 

Y 

where  P.  is  the  i>ial  value  of  the  physical  property.  Equation  3  serves  to 

deSne  the  function  A(tj.  J  If  a  single  relaxation  process  is  occurring  as 

described  by  Equation  2,  then  Equation  4  follows.  In  general,  relaxation 

processes  are  not  governed  by  single  relaxation  times  (Equation  2)  and  the 

o., ..  -nics  of  the  process  described  by  the  function  A(t)  cannot  be  expressed  in 

(62) 

terms  of  a  single  e  xponential.  'Aft)  may  be  described  as  a  sum  of  orthog¬ 
onal  functions.  It  is  convenient  to  write  A(t)  p. ;  a  weighted  sum  of 
exponentials:^66^ 


Ait)  -  J  g  (  r )  d  r  exp(-t/  r  >,  (5) 

o 

where  g  (  T )  is  a  distribution  of  relaxation  times.  If  A(t)  corresponds  to  a 
single  relaxation  process,  then  obviously  g  ( P)  is  a  delta  function.  It  should 
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be  emphasized  that  the  spectrum  of  relaxation  times  represented  by  g  ( i  )  is 
a  mathematical  convenience  in  handling  relaxation  processes  and  can  only  be 
given  physical  significance  wivhin  the  framework  of  a  molecular  theory.  For 
example,  if  the  macroscopic  relaxation  process  is  assumed  to  be  a  sum  of 
independent  microscopic  processes,  then  g  ( T  )  is  the  density-distribution 
function  for  these  processes.  In  any  case,  g  {  F  )  is  a  valuable  experimental 
parameter  fo.t  evaluating  molecular  theories  of  transport  processes. 

The  furcuon  A(t)  may  be  obtained  directly  from  experimentally 
measured  time-dependent  properties  and  Equation  (4)  or  more  indirectly 
from  frequency-dependent  properties  and  Equation  (5).  By  Fourier  trans¬ 
forming  Equation  (5),  for  example,  one  can  relate  the  complex  elastic 
moduli  to  the  relaxation  times  by  the  following  formula: 

,xr  9 

m’  +  in"  =  ^  r  (ar)**  +i _ £[ _ ,  g(T)  dr  .  {6} 

*■  2  9  ^ 

1  +  fJUT)  1  +  (XT)“ 

where  m'  and  m"  are  the  real  and  imaginary  parts  of  the  reduced  elastic 
moduli  and  a>  is  the  frequency  of  applied  stress.  The  distribution  function 
g{T)  can  be  determined  by  measuring  the  complex  elastic  moduli  by  sonic 
techniques'  as  a  function  ox  frequency  and  by  fitting  the  measured  values  to 
Equation  (6).  Similar  equations  can  be  obtained  for  dielectric  relaxation  and 
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the  frequency  dependence  of  the  diffusion  constant. 

Average  transport  coefficients  may  be  obtained  quite  easily 
from  the  distribution  function  g(T).as  can  be  demonstrated  for  the  shear 
viscosity.  Considering  the  complex  shear  moduli,  for  which  m'  =  G'/G  and 

CD 

m"  =  G"/G  ,  where  G  is  the  unrelaxed  shear  modulus  obtained  at  high 

oo  co 

frequencies  and  G’  and  G"  are  the  real  and  complex  parts  of  the  shear 
modulus  at  any  frequency.  The  shear  viscosity  is  defined  by  the  following 
equation: 
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T1  =  lim  G"  „ 

s  .  ( - )’ 

UUT+O  0! 

which  in  the  limits  specified  reduces  to: 

T|  =  G  f°  Tg(T)  dT  =  G  7  . 
S  •»  '•o  oo 


(7) 


(8) 


where  t  is  the  average  relaxation  time.  In  a  similar  fashion,  the  electrical 

/CT. 

conductivity  is  given  by  the  following  equation:'  1 

°0=€J  £  ts<t>  dT)_1  =  v~  •  <9> 

where  e_  is  the  infinite-frequency  dielectric  constant  associated  with  the 
process  and  s(r)  is  the  distribution  of  relaxation  times  for  the  dielectric 
measurements. 


The  dynamic  and  static  methods  of  measuring  transport 
properties  give  information  on  the  rates  at  which  transport  phenomena  occur 
and  may  be  used  to  obtain  information  on  the  microscopic  processes  occurring 
during  transport.  Unfortunately,  the  quantity  of  data  already  obtained  by  these 
techniques  is  not  sufficient  to  characterize  the  transport  phenomena  occurring 
in  the  chemical  strengthening  of  glass,  and  there  is  a  great  need  for  collecting 
such  data.  The  data  that  do  exist  indicate  that  the  present  molecular  theories 
of  transport  are  inadequate  for  description  of  the  transport  processes  in  the 
regions  of  interest.  This  can  be  demonstrated  by  discussing  the  viscoelastic 
properties  of  glass. 
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Molecular  Theory  of  Viscosit 


An  adequate  molecular  theory  of  the  viscosity  of  glass  should 
accurately  predict  g(r)  or  A(i)  over  a  range  of  temperatures,  and  particularly 
in  the  glass-transition  range  of  interest  for  chemical  strengthening. 


Unfortunately,  the  theories  that  do  exist  fail  to  predict  the  known  behavior  of 
glass  in  this  region.  For  example,  the  two  most  popular  current  theories  of 
viscosity,  the  Adam  and  Gibbs ^^theory  and  the  free-volume  theory 


predict  a  low-temperature  dependence  of  the  relaxation  time  of  the  form: 


In  F  =  A  + _ B_ _ ,  (10) 

T-T 

o 

where  A,  B,  and  are  empirical  parameters.  Equation  10  is  usually 
referred  to  as  the  Fulcher  equation.  Unfortunately,  extrapolations  of  high- 
temperature  data  into  the  glass-  ransformation  region  by  means  of  this 
equation  deviate  sharply  from  actual  experimental  values  in  cases  in  which 

sufficient  data  are  available  for  a  test.  This  is  illustrated  by  the  work  of 

(70)  12 

Maeedo  and  Napolitano,  which  shows  that  for  viscosity  values  above  10 

poise  the  Fulcher  equation  considerably  overestimates  the  viscosity  data  fer 

B  O  and  borosilicate  crown  glass. 

«  u 

A(t)  in  fact  is  not  exponential  for  practically  all  glasses. and 

therefore  cannot  be  characterized  by  a  single  parameter  such  as  viscosity. 

A  two-parameter  description  of  the  spectrum  of  relaxation  times  usually 

(71,72) 

suffices  to  describe  A(t).  ’  One  parameter  is  the  average  relaxation 

time,  F,  while  the  other  parameter,  b,  measures  the  width  of  the  spectrum. 
A  common  assumption  is  that  for  small  temperature  changes  b  is  not 
temperature-dependent.  Unfortunately,  this  assumption  is  not  borne  out 

(71)  (72) 

experimentally  for  oxide  glasses  such  as  BfO  ,  GeO  ,  or 

(73)  6  ^  ^ 

Na  O  -  B  O  -  SiO  .  Therefore,  there  is  a  pressing  need  for  means  of 

u  ^  O  Z 

either  theoretically  or  empirically  extrapolating  the  function  A(t)  to  non- 
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equilibrium  states  at  temperatures  below  the  glass  transition. 

Glass  in  and  below  the  transition  is  usually  in  a  non-equilibrium 
configuration,  which  can  be  described  in  terms  of  one-  or  two-fictive  tempera¬ 
ture  parameters.  Thus,  new  theories  have  to  provide  a  framework  in  which 
transport  parameters  can  be  obtained  for  non-equilibrium  states.  Concurrent 
with  the  development  of  new  viscosity  theories,  data  should  be  collected  to 
check  these  theories  experimentally.  This  implies  the  collection  of  relaxation 
data  well  into  the  glass-transition  region  and  the  development  of  means  of 
extrapolating  the  data  to  non-equilibrium  states  at  temperatures  below  the 
glass  transition.  In  addition,  viscoelastic  theories  should  predict  the 
microscopic  behavior  of  glass  as  characterized  by  the  distribution  function 

g  (H. 

4. _ Viscoelasticity  of  Surface  Lavers 

Of  particular  importance  to  the  chemical  strengthening  of 
glass  is  a  description  of  the  viscoelastic  properties  of  the  chemically 
exchanged  surface  layer.  An  understanding  of  such  properties  may  lead  to 
the  solution  of  many  outstanding  problems  in  chemically  exchanged  glasses. 
Some  examples  of  these  problems  are: 

(a)  When  glass  is  made  from  the  melt  having  exactly  the 
same  composition  as  the  exchanged  layer,  it  is  found  to  have  lower  chemical 
durability  and  hardness  than  that  produced  by  exchange.  One  possible 
explanation  for  this  may  lie  in  the  high  surface  stresses. 

(b)  Because  of  the  difference  in  hardness,  one  might 
expect  that  the  elastic  moduli  of  the  surface  layers  would  be  different  from 
those  of  the  bulk  glass.  If  this  is  the  case,  one  must  take  this  difference  into 
account  in  order  tc  properly  calculate  the  stresses  at  glass -to -metal  joints. 

(c)  Different  strengths  are  obtained  for  borosilicate  and 
aluminosilicate  glasses  having  the  same  amount  of  alkali  exchanged.  There 
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are  at  least  two  possible  reasons.  First,  the  surface  layers  may  have 
different  rates  of  viscoelastic  relaxation.  Second,  the  glass  structure  may 
have  different  levels  of  accommodation  of  foreign  ions,  giving  different 
stress  levels. 

(d)  There  is  an  apparent  limit  to  the  amount  of  surface 
ions  that  can  be  exchanged.  If  this  "stuffing"  limitation  could  be  overcome, 
much  higher  stress  levels  could  be  obtained. 

Thus,  it  is  suggested  that  measurements  of  mechanical 
properties  of  the  surface  be  made  and  studies  of  molecular  mechanisms 
peculiar  to  the  surface  be  conducted  to  elucidate  these  unexplained  effects  in 
the  exchange  reactions. 

5. _ Ionic  Transport 

At  temperatures  well  below  the  glass  transition,  electrical 

conductivity,  diffusion,  and  mechanical  relaxation  are  caused  by  the  migration 

(74) 

of  cations  through  the  "frozen"  structure  of  glass.  Since  the  higher  the 
valence  the  slower  the  ion  will  migrate,  it  is  the  singly  charged  ion  that  is 
responsible  for  most  of  the  transport  properties  observed.  In  fact,  it  is  the 
monovalent  ion  migration  that  permits  chemical  strengthening  of  glass  at  high 
temperatures.  Yet  there  are  undesirable  effects  at  lower  temperatures. 

During  supersonic  flight  the  surface  temperature  of  the  chemically  strengthened 
airplane  windshield  can  easily  exceed  200°C.  At  such  temperature  the 
diffusion  coefficients  of  the  cations  are  large  enough  so  that  ions  from  the 
surface  will  exchange  with  those  in  the  interior,  resulting  in  loss  of  strength. 
Another  example  of  undesired  ion  migration  is  observed  when  one  investigates 
mechanical  properties  at  room  temperature,.  Depending  upon  composition, 
up  to  a  20-percent  change  in  the  apparent  Young's  modulus  of  glass  occurs  due 
to  the  delayed  elastic  effect.  This  complicates  the  stress  analysis  involved  in 
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the  design  of  glass  to  metal  joints.  As  another  example,  glass  companies, 
following  ASTM-certified  techniques,  report  moduli  measured  by  sonic- 
resonance  methods  that  are  at  least  ten  percent  higher  than  the  moduli 
measured  after  one  hour  of  static  loading.  In  selecting  glasses,  it  is  the 
long-term  modulus  that  must  be  used. 

Qualitatively,  there  are  two  relaxation  mechanisms  associated 
with  ion  migration.  The  shortest  relaxation  appears  in  both  electrical  and 
mechanical  measurements  and  is  attributed  to  migration  of  single  ions.  The 
longer  relaxation-time  process  can  be  observed  only  in  mechanical  measure¬ 
ments  and  has  been  attributed  to  exchange  of  positions  between  small  and 
(75) 

large  alkali  ions. '  ’  This  second  process  is  the  one  responsible  for  delayed 
elastic  effects,  which  relate  to  a  time  dependence  of  the  elastic  constants  at 
room  temperature. 

When  only  one  ion  is  involved  in  transport,  the  Nernst- Einstein 
equation  relates  the  tracer-diffusion  coefficient  of  the  ion  and  the  electrical 
conductivity  of  the  material.  In  single-phase  glasses,  such  as  fused  silica 
and  commercial  soda- lime  glass,  this  equation  is  obeyed  within  experimental 
error.  However,  when  the  glass  is  separated  into  two  phases,  such  as  in 
Pyrex  borosilicate  glass  or  many  laboratory  glasses,  the  Nernst-Einstein 
equation  is  not  fulfilled,  the  tracer-diffusion  coefficient  being  at  least  50 
percent  lower  than  expected.  The  discrepancy  has  been  attributed  to  various 
mechanisms  of  transport,  but  none  of  these  take  into  account  the  effect  of 
phase  separation. 

Ionic  mobilities  in  fused  silicas  decrease  in  the  order  sodium, 

/C1\ 

lithium,  silver,  and  potassium,  although  the  mobility  ratios  are  somewhat 
different  for  the  different  silicas.  The  activation  energy  for  conduction  at 
low  temperatu res  is  constant,  and  about  the  same  for  sodium,  lithium,  and 
potassium  ions  in  fused  silica.  At  higher  temperatures  the  activation 
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energy  for  conduction  decreases  with  increasing  temperature. 

Various  defect  mechanisms  have  been  proposed  for  ionic 
transport  in  glass,  but  there  is  no  direct  support  for  them.  Furthermore, 
there  is  no  general  explanation  for  the  various  results  described  above.  It  is 
possible  to  relate  some  ionic-transport  properties  in  silicate  glasses  to  the 
affinity  or  selectivity  of  the  glass  for  the  ion,  but  other  results  cannot  be 
explained  this  way.  Some  transport  properties  seem  to  be  related  to  ionic 
size, but  others,  such  as  the  activation  energies  for  conduction  in  fused  silica 
mentioned  above,  are  not  dependent  upon  ionic  size. 

Despite  the  importance  of  ionic  transport  to  strengthening, 
there  is  little  basic  information  on  the  mechanisms  of  transport  or  on  the 
relationship  between  mass  transport,  electrical  transport,  and  mechanical 
relaxation.  Furthermore,  transport  through  microheterogeneous  glasses  is 
even  less  understood.  Thus,  more  ideas  and  work  are  needed  to  understand 
the  mechanisms  of  ionic  transport  in  glasses.  This  work  should  include 
investigations  by  dynamic  methods  of  measurement,  which  give  details  cf 
molecular  processes,  as  well  as  investigations  by  more  conventional 
techniques,  which  determine  average  transport  properties. 
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E.  Glass  Structure 


The  structure  of  glasses  is  generally  described  on  three  levels: 
(1)  local  atomic  arrangements  (scale  smaller  than  8$);  (2)  submicrostructure 
(scale  of  30&  to  1  u);  and  (3)  microstructure  (scale  above  1  u).  On  all  these 
levels,  the  structure  is  expected  to  affect  the  properties  of  glasses  and,  in 
particular,  their  mechanical  and  transport  properties.  Similarly,  most 
problems  in  our  understanding  of  the  properties  of  glasses  are  ultimately 
associated  with  the  poor  state  of  our  understanding  of  glass  structure. 

In  the  following  discussion,  we  shall  direct  our  attr  ition  to  the 
structure  of  glasses  on  these  various  scales,  with  particular  emphasis  on 
silicate  glasses,  since  the  bulk  of  commercial  glasses  as  well  as  the  glass 
materials  considered  for  deep-submergence  vehicles  are  of  this  type. 

1. _ Local  Atomic  Arrangements 

While  we  know  a  good  deal  qualitatively  about  the  local 
atomic  structure  of  silicate  glasses,  relatively  little  s  known  in  satisfactory 
detail.  It  has  been  established  ’  'that  silicate  glasses  high  in  SiO  are 

jit 

composed  of  networks  of  SiO^  tetrahedra. 

In  glasses  other  than  SiO  itself,  some  of  the  oxygens  in  these 

mi 

tetrahedra  are  bonded  in  two  silicons  (called  bridging  oxygens),  while  some 
are  bonded  to  only  a  single  silicon  (called  singly  bonded  or  nonbridging 
oxygens).  Near  the  singly  bonded  oxygens  are  believed  to  lie  the  common 
modifying  cations,  such  as  the  alkali  or  alkaline  earth  ions. 

It  is  generally  believed,  and  in  the  case  of  SiO  it  has  been 

(78)  * 

tie*,  'castrated, '  'that  the  SiO^  tetrahedral  units  are  quite  regular  in  form 

(\v •. ! x  eg  -iarity  comparable  to  that  of  crystalline  silicates);  and  the 
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essential  randomness  of  the  glass  arises  from  the  distribution  of  Si-O-Si  bond 
angles.  In  the  case  of  fused  silica,  this  distribution  covers  a  broad  range, 
extending  from  about  120°  to  180°. 

n  «) 

In  the  case  of  boron,  another  important  glass-former,  the 
surrounding  configuration  of  oxygens  may  be  triangular  or  tetrahedral  in  form; 
in  the  case  of  aluminum  it  may  be  tetrahedral  or  octahedral,  but  is  believed  to 
be  largely  tetrahedral  in  glasses  containing  both  aluminum  and  silicon  in 
significant  amounts. 

In  the  case  of  certain  ions  of  high  field  strength,  such  as  the 
transition  metal  and  rare  earth  ions,  it  has  been  possible  to  deduce  informa¬ 
tion  about  the  immediate  local  environments  from  the  combination  of  various 

(80-82^ 

spectroscopic  techniques. '  In  a  number  of  such  cases,  the  predominant 

coordination  of  oxygen  around  these  ions  has  been  identified,  generally  by 
comparing  the  observed  spectra  with  those  found  for  crystalline  materials. 

More  recently,  studies  have  been  undertaken  to  obtain  information  about  the 
site-to-site  variation  in  the  local  environments  of  such  ions. 

At  the  present  time,  relatively  little  is  known  about  the  struc¬ 
tural  state  of  the  common  modifying  cations,  such  as  the  alkali  or  alkaline 
earth  ions;  and  little  or  nothing  is  known  about  the  structural  changes  introduced 
by  combinations  of  network-forming  cations,  such  as  might  be  formed  by  the 
addition  of  boron,  aluminum,  or  titanium  to  silicate  melts. 

The  principal  experimental  methods  for  obtaining  information 
about  local  atomic  arrangements  have  been  X-ray  and  neutron  diffraction  and 
various  spectroscopic  techniques.  One  of  the  chief  limitations  in  obtaining 
precise  structural  information  from  X-ray  diffraction  studies  is  associated 
with  the  fact  that  many  of  the  atoms  in  the  important  glass-forming  systems 

are  relatively  low  in  atomic  number  --  for  example,  silicon,  boron,  lithium, 
and  sodium.  Because  of  this,  the  Compton  modified  scattering  at  large 
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values  of  sir.9  (where  9  is  the  diffraction  angle  and  X  is  the  wavelength  of  the 
X 

radiation)  can  represent  a  significant  fraction  of  the  total  measured  intensity. 
This  modified  scattering  contains  no  useful  information  about  atomic  arrange¬ 
ments  and  must  be  eliminated  either  theoretically  or  experimentally. 
Difficulties  have  also  been  associated  with  various  approximations  used  in 
analyzing  the  diffraction  data  for  glasses  containing  more  than  one  type  of 
atom. 

Recent  advances  in  experimental  techniques  for  eliminating  the 

/OQX 

modified,  scattering  and  in  analytical  procedures  for  treating  the  data1  ;seem 
to  have  opened  a  new  era  of  glass-structure  studies.  It  is  hoped  that  the 
combination  of  these  advances,  which  have  thus  far  been  applied  only  to  SiO 

Li 

and  B  O  ,  will  yield  detailed  information  about  the  important  features  of 
2  3 

glass  structure. 

It  should  be  recognized  that  such  X-ray  difiraction  studies  will 
be  most  fruitful  when  combined  with  other  techniques  for  providing  structural 
information.  Notable  in  this  regard  is  the  technique  of  neutron  diffractiou, 
which  provides  information  complementary  to  that  obtained  from  X-ray 
diffraction.  The  utility  of  neutron  diffraction  lies  primarily  in  the  fact  that 
the  scattering  amplitude  is  not  dependent  on  the  scattering  angle.  The 
scattering  cross  section  for  a  given  atom  can  be  quite  different  for  neutrons 
and  for  X-rays.  The  widespread  use  of  neutron  diffraction  in  structural 
studies  has  been  limited  by  the  low-flux  levels  available  from  most  reactors. 
The  recent  availability  of  high-flux  research  reactors  seems  to  offer  appre¬ 
ciable  opportunity  in  this  regard. 

Other  techniques  that  can  provide  important  structural 
information,  and  that  should  be  utilized  in  particular  applications,  include 
the  following:  electron  diffraction;  electron  microscopy;  electron  spin 
resonance;  nuclear  magnetic  resonance;  optical,  infrared,  and  Raman 


49 


spectroscopy;  and  small-angle  X-ray  scattering. 

Finally,  it  should  be  noted  that  at  the  present  time  the  discussion 
of  most  properties  of  glasses  represents  little  more  than  a  qualitative  descrip¬ 
tion  of  the  phenomena.  The  limitations  on  the  development  of  more  satisfactory 
physical  models  are  most  frequently  associated  with  a  lack  of  structural 
knowledge;  and  the  structural  information  anticipated  from  the  studies  suggested 
above  should  contribute  significantly  to  an  improved  understanding  and  eventual 
control  of  the  properties  of  glasses. 

2. _ Submicrostructure 

The  phenomenon  of  phase  separation  (liquid-liquid  immiscibility) 

(84-90) 

is  widespread  in  glass-forming  systems.  '  Among  two-component 

systems,  for  example,  immiscibility  has  been  demonstrated  in  all  the 

alkaline-earth  silicates,  in  the  lithium  and  sodium  silicates,  in  the  SiO  - 

2 

B203  systems,  as  well  as  in  all  alkali  and  alkaline  earth  borates.  Among 
more  complex  glasses,  phase  separation  has  been  observed  in  a  large  number 
of  systems. 

The  occurrence  of  phase  separation  gives  rise  to  glass 
structures  (submicrostructures)  that  are  heterogeneous  on  a  scale  of  ‘3oR  to 
a  few'  thousand  R.  Morphologically,  the  second-phase  structure  may  consist 
of  isolated  particles  of  one  phase  in  a  continuous  matrix  of  another  phase,  or 
both  phases  may  be  three-dimensionally  interconnected. 

The  origin  of  these  interconnected  submicrostructures  is  the 

subject  of  considerable  discussion  at  the  present  time.  The  suggestion  that 

they  result  from  a  spinodal  decomposition  process  has  been  supported  by 

(91) 

theoretical  calculations  that  show  significant  connectivity  in  cross 
sections  calculated  from  the  ini  .al-stage  (linearized)  theory  of  spinodal 
decomposition.  More  recencly,  it  has  been  shown  that  this  analysis  would 
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be  appropriate  for  compositions  near  the  center  of  miscibility  gaps,  but  that, 

as  the  composition  approaches  the  spinodal  (even  within  the  spinodal),  the  bulk 

(92) 

of  the  separation  process  resembles  a  nuc!eatica-and-growth  process. 

The  effect  of  departures  from  the  initial-stage  theory  would  be  to  sharpen  the 
interfaces  between  the  phases  and  break  up  the  connectivity;  but  under  what 
conditions  such  effects  would  result  in  discrete-particle  submicrostructures 
remains  to  be  elucidated. 

(93) 

An  alternative  explanation'  considers  the  interconnected 

structures  to  arise  from  the  formation,  growth,  and  coalescence  of  discrete 

second-phase  particles;  in  one  study  such  coalescence  was  directly 

(94) 

observed  in  the  electron  microscope.  Unfortunately,  studies  of  the 
sequence  of  submicrostructural  development  are  few  in  number.  Most  studies 
have  directed  attention  to  the  final-phase  morphologies  rather  than  to  the 
course  of  their  development;  the  inadequacy  of  merely  observing  the  final 
morphologies  is  emphasized  by  observations  of  interconnected  submicro¬ 
structures  forming  from  discrete  particle  structures,  and  under  other  circum- 

(94 1 

stances  breaking  up  into  discrete  particle  structures.  ' 

In  attempting  to  provide  relevant  kinetic  data,  several  .'udies 
have  been  carried  out  on  the  small-angle  scattering  from  phase-separating 
systems.  ^5’ 96*  In  all  cases  reported  to  date,  the  system  investigated  left 
much  to  be  desired  because  the  kinetics  of  separation  were  relatively  rapid; 
and  at  the  present  time  little  can  be  said  with  confidence  concerning  the 
kinetics  of  phase  separation  within  the  spinodal  region  in  any  glass  system. 

It  seems  clear,  then,  that  future  studies  should  be  directed  to 
the  chronology  of  submicrostructure  development  and  not  merely  to  observa¬ 
tions  of  final  morphologies.  Such  studies  should  include  observations  of  the 
morphology  and  kinetics  of  separation,  in  both  the  unstable  and  metastabie 
regions,  as  well  as  in  the  supercritical  stable  region. 
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Concerning  the  prediction  of  the  location  of  miscibility  gaps, 
effectively  nothing  is  known.  There  are  several  empirical  correlations  based 
on  cation  field  strength  and  other  parameters;  but  at  the  present  writing  if  an 
investigator  is  concerned  with  the  possibility  of  immiscibility  in  a  system,  he 
makes  up  the  glasses  and  examines  them,  rather  than  trying  to  predict  the 
location,  or  in  many  cases  even  the  existence,  of  a  gap.  The  dependence  of 
immiscibility  on  the  composition,  the  particular  types  of  atoms,  the  tempera¬ 
ture,  and  other  factors  are  still  largely  unknown;  detailed  knowledge  of 
immiscibility  behavior  in  ternary  and  more  complex  systems  is  practically 
nonexistent. 

The  last  situation  is  complicated  by  the  possibility,  in  complex 
systems,  of  separation  into  more  than  two  phases.  This,  in  turn,  is  often 
difficult  to  distinguish  experimentally  from  secondary  phase  separation,  which 
can  occur  even  in  binary  systems.  Such  secondary  separation  occurs  after 
the  initial  separation  into  two  phases,  when  either  or  both  of  the  phases  in 
turn  separates  on  a  smaller  scale  as  the  equilibrium  conditions  change  with 
changes  in  temperature. 

The  morphology,  scale,  and  extent  of  the  second-phase  sub¬ 
microstructure  can  be  expected  to  affect  nearly  all  properties  of  glasses, 

(97) 

from  molar  volume  and  elastic  modulus  to  the  conductive  properties, 
chemical  durability,  and  mechanical-strength'*  'effects  that  are  most 
significant  in  the  case  of  transport  properties  and  durability.  Relatively 
little  has  been  done,  however,  in  the  way  of  a  systematic  investigation  of  the 
effects  of  the  submicrostructure  on  properties.  Indeed,  the  discussions  of 
most  properties  of  glasses  ac  they  appear  in  the  literature  are  based  upon  the 
concept  of  glass  as  a  homogeneous  material,  and  do  not  consider  the  actual 
structure,  which  often  is  composed  of  more  than  one  phase. 

In  addition  to  affecting  the  physical  properties  and  flow  charac¬ 
teristics  of  glasses,  phase  separation  can  play  an  important  role  in  their 
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crystallization  behavior.  For  example,  r.s  discussed  in  Section  G,  some  of 
the  standard  processes  for  making  glass-ceramic  materials  depend  upon  phase 
separation  as  a  precursor  to  the  initial  nucleation  of  crystals.  Some  prelimi¬ 
nary  studies  of  the  relation  between  phase  separation  and  subsequent  crystal¬ 
lization  have  been  carried  out,  3®^but  little  of  a  systematic  nature  has 
been  done. 

In  brief,  then,  in  nearly  any  composition  to  be  considered  as  a 
naval  structural  material,  the  existence  of  immiscibility  is  a  factor  which 
must  be  considered  in  some  detail.  Problems  associated  with  immiscibility 
should  be  particularly  acute  when  massive  glass  is  considered,  since  its 
fabrication  will  necessitate  long  heat-treatment  times. 

3.  Macrostructure 

It  has  been  said  with  some  cogency  that  a  truly  homogeneous 
glass  has  seldom,  if  ever,  been  made.  On  the  scale  visible  in  the  light 
microscope  or  with  the  naked  eye,  a  variety  of  structural  features  are 
observed.  These  include  chemical  (compositional)  heterogeneities,  inhomo¬ 
geneities  in  density  and  refractive  index,  devitrified  inclusions,  and  the  like. 

In  many  cases,  structural  imperfections  on  this  scale  are 
reasonably  well  understood  and  controlled,  and  the  means  of  eliminating  or 
controlling  them  are  generally  well  in  hand.  Even  in  these  cases,  however, 
one  would  like  mors  efficacious  control  of  such  imperfections  in  large-scale, 
high  through-put  applications. 

One  of  the  most  interesting  subjects  for  fundamental  study  in 
this  area  is  devitrified  inclusions.  Such  crystalline  regions  seem  likely  to 
originate  on  condensed  second-phase  impurities;  but  the  important  sources 
of  such  impurities  and  their  role  in  the  nucleation  process  remain  to  be 
elucidated  satisfactorily.  like  immiscibility,  such  crystallization  problems 
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should  be  most  severe  in  the  case  of  massive  bodies,  in  which  long  heat- 
treatment  times  are  involved. 

4.  Intermediate-Scale  Structure 

As  noted  above,  information  is  now  available,  or  can  be 
obtained  in  the  near  future,  about  the  structural  characteristics  of  glasses  on 
a  scale  smaller  than  about  8$  and  larger  than  about  30$.  Nothing  is  presently 
known  about  structure  in  the  intermediate  range  from  about  8$,  and  no 
presently  available  technique  seems  promising  for  the  elucidation  of  structural 
details  on  this  scale. 
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F.  Fundamental  Studies  of  Glass  Properties  Related  to  Vibrational  Spectra 

Almost  all  the  processes  proposed  for  study  in  this  report 
depend  on  a  relatively  small  number  of  fundamental  properties  of  glasses. 

Among  these  are  the  thermal  expansion,  elastic  constants,  specific  heat, 
viscosity,  and  glass-transition  parameters.  The  transport-related  phenomena, 
viscosity,  and  glass  transition  are  discussed  elsewhere  in  this  report.  The 
first  three,  which  are  strongly  related  to  the  vibrational  spectra  of  glasses, 
are  the  subject  of  this  section. 

An  extremely  large  number  of  measurements  of  these  parameters 
for  various  glasses  exist  in  the  literature.  These  are  partially  summarized 
in  the  reviews  of  Davies  and  Jones,  ^^Stevels,  ^2^Morey,  ^3^and 
Phillips.  ^104^  In  addition,  a  number  of  attempts  have  been  made  to  correlate 
the  variations  of  these  parameters  with  structural  and  chemical  features  of 
the  glasses.  These  correlations  are  discussed  extensively  by  Stevels, 
Lowenstein,  ^105^and,  to  a  lesser  extent,  by  Stanworth.  Because  of  the 
rather  complete  characterization  of  the  glass  systems  likely  to  be  important 
and  because  of  the  extensive  past  and  present  efforts  to  obtain  glasses  with 
high  Young's  moduli,  no  recommendation  for  surveys  concerning  these 
properties  is  contained  herein.  Similarly,  no  striking  need  for  further 
correlative  work  is  apparent.  The  most  obvious  limitations  to  our  under¬ 
standing  are  in  relating  atomic  arrangements  and  interactions  to  those 
physical  properties  that  are  associated  with  the  vibrational  spectra. 

Until  recently,  however,  there  seemed  little  hope  of  explaining 
these  parameters  at  an  atomic  level  in  the  detail  achievable  with  crystals. 

(In  order  to  point  out  the  problem  in  dealing  with  amorphous  solids,  le:  us 
review  the  treatment  for  crystals. )  In  that  case,  normal  modes  of  vibration 
are  describable  simply  in  terms  of  a  propagation  vector  k.  That  is,  the 
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aisplf  jement,  u(r),  of  an  atom  at  the  position  r  in  one  unit  cell  is  related  to 
that  of  an  identical  atom  at  a  position  r  +  R,  where  R  is  a  repeat  vector  of  the 
lattice,  through  the  equation: 

u(r+R)  =  exp  (ik.  Riu(r) .  (11) 


As  a  result,  the  dynamic  equations  that  couple  together  all  the  atoms  in  the 
crystal  can  be  factored  into  3p  coupled  equations  for  eack  k.  Here,  p  is  the 
number  of  atoms  per  primitive  unit  cell.  These  can  be  solved  numerically, 
yielding  3p  solutions  for  the  angular  frequencies,  oj^  (k),  in  terms  of  the 
interatomic  forces.  In  the  limit  of  small  k,  three  modes  for  each  k  describe 
the  acoustic  spectrum,  so  that  the  frequencies  are  determined  by  the  elastic 
constants.  Thus,  the  elastic  constants  can  be  determined  and  understood  in 
terms  of  the  interatomic  forces  and  the  geometry  of  the  structure.  The 
specific  heat,  c^,  is  a  simple  function  of  the  frequencies,  (k),  while  the 
volume-thermal-expansion  coefficient,  a,  depends  on  both  the  frequencies  and 
their  volume  dependences. 

These  relations  can  be  expressed  for  all  quasiharmonic  solids 


c  =!'.  c 

v  J  e  y 


<*  "  (K,r/V)  E.y.c  («i 

r  J  J  e  ) 


The  sums  are  over  the  normal  modes  and  the  Einstein  specific  heat  associated 
with  a  mode  of  frequency  jj  is: 


2  .9 

c  (JO  »  k(A  r/kT)  exp  (ft  d]/kT)  [exp  (ft  -e/kTl-l]  *■'.  (14* 


Here.  ft  and  k  are  Planck's  and  Boltzmann's  constants, while  x.j.  and  V  arc 
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the  isothermal  compressibility  and  specific  volume,  respectively.  The 
are  expressed  in  terms  of  the  volume  dependences  of  the  by  the  relation: 


y  =  -  6  X>no)  /6A1V. 

J 


(15) 


At  low  temperatures,  only  the  acoustic  modes  are  excited,  so 
that  the  low  temperature  limits  of  the  vibrational  contributions  t<  c^  and  a 
are  simply  related  to  the  elastic  constants  and  their  volume  dependences. 
These  relationships  are  almost  always  verified  by  experiment. 

Even  in  disordered  homogeneous  crystalline  alloys  where 
Equation  (11)  is,  in  principle,  invalid,  many  normal  modes  and,  in  particular, 
the  low-frequency  modes,  seem  to  be  well  described  by  Equation  (11), so  that 
the  equations  relating  the  low  temperature  limits  of  and  a  to  the  elastic 
constants  appear  to  describe  nature  satisfactorily  in  most  situations.  The 
variation  of  the  elastic  constants  with  composition  are  fairly  well  described 
by  averages  of  force  constants.  Room  temperature  cv's  and  a's  vary 
smoothly  i  rid  simply  with  composition.  These  smooth  variations  may  be 
attributed  to  the  fact  that  the  integrity  of  the  lattice  is  maintained,  except  for 
local  strains. 

In  amorphous  materials,  however.  Equation  (11)  is  completely 

invalid  and  experimental  results  appear  to  show  this.  The  problems  are 

most  evident  at  low  temperatures  where,  as  discussed  by  Leadbetter,  ^106* 

for  instance,  c  and  a  of  vitreous  silica  are  not  at  all  determined  by  the 
v 

elastic  constants.  The  most  striking  example  is  the  extremely  negative 
low-temperature  Gruneisen  constant,  y  ("wV/x^c^).  This  constant  expresses, 
primarily,  the  ratio  of  a  to  oy  at  low  temperatures,  where  x^,  and  V  ate 
essentially  constant,  y  attains  a  value  of  -8  at  S°K  compared  to  the  value  of 
-2  predicted  by  the  elastic  constants  and  volume  dependences.  Even  the  value 
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of  -2  is  significantly  more  negative  than  those  observed  in  the  zincblende 
compounds ,  which  also  show  negative  thermal  expansion. 


As  Leadbetter^^has  shown,  the  low-temperature  v  and  cy 
anomalies  indicate  that  there  are  a  very  small  number  of  modes  of  very  low 
frequency  which  are  not  simply  related  to  the  elastic  waves.  A  definitive 
description  of  these  modes  has  not  yet  been  put  forth,  so  that  they  remain  a 
challenging  scientific  problem.  Because  of  their  small  number,  however, 
they  are  not  expected  to  influence  appreciably  the  room-temperature 
properties  of  interest  here. 


On  the  other  hand,  the  large  negative  y,  over  extended  ranges 
of  low  temperatures,  is  important  because  its  cause  is  also  the  cause  of  the 
extremely  small  magnitude  of  the  positive  thermal  expansion  at  room  and 
higher  temperatures  that  is  so  important  in  many  aspects  of  silicate-glass 
usaga.  On  the  basis  of  an  Einstein-like  model  calculation,  Smyth^^has 
attributed  this  to  transverse  vibrations  dominated  by  oxygen  motion.  Such  a 
picture  is  consistent  with  recent  explanations^108  110*of  the  negative  c*  in 
zincblende  structure  compounds.  Although  the  Einstein  model  cannot  be 
trusted  there  is  considerable  evidence  for  the  existence  of  an  appreciable 
number  of  normal  modes  in  which  the  predominant  motion  is  oxygen  moving 
perpendicular  to  the  plane  formed  by  the  vectors  from  it  to  its  two  silicon 
nearest  neighbors.  The  most  conclusive  evidence  for  such  modes  results 
from  the  numerical  calculations  of  the  normal  mode  spectrum  of  a  model 
vitreous  silica  performed  by  Bell,  Bird,  and  Dean.  These  authors 
associate  them  with  the  infrared  peaks  near  400  cm-1  in  vitreous  silica 
discussed  by  Simon.  ^112^ 

Two  features  of  the  vibrational  spectrum  of  silica  indicate, 
however,  that  these  modes  may  not '  ■„>  sufficient  in  themselves  to  explain  the 
negative  and  small  positive  or  region.  The  first  is  that  y  is  much  more 
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negative  for  vitreous  silica  than  for  the  zlncblende  structure  compounds.  The 
second  is  that  the  velocity  of  longitudinal  sound  waves  increases  with  increasing 
volume.  Both  facts  suggest  that  other  modes  may  be  important. 

It  would  be  quite  valuable  to  have  measurements  of  the  pressure 
dependences  of  infrared  peaks  of  silica.  By  combining  these  results  with  the 
densities  of  mcdes  calculated  by  Bell  et  al.  l^^the  validity  of  the  Smytl/107^ 
picture  could  be  ascertained  and  the  role  of  different  portions  of  the 
vibrational  spectrum  in  determining  the  thermal  expansion  could  be  elucidated. 

At  the  same  time,  an  understanding  of  the  lattice  dynamics  of 
cristobalite,  the  closest  crystalline  analogue  of  vitreous  silica,  might  be 
most  rewarding.  This  compound  shows ^106^an  anomalously  large  specific 
heat  at  low  temperatures.  Its  low-temperature  thermal  expansion  has  not  yet 
been  measured.  It  is  possible  that  a  number  of  features  that  make  vitreous 
silica  so  unusual  are  imaged  in  the  lattice  dynamics  of  the  crystalline 
compound. 

The  calculation  and  detailed  understanding  of  the  elastic  modes 
and  constants  themselves  appear'  to  be  beyond  our  present  capabilities.  The 
above-mentioned  calculations  of  Bell  et  al  -^^are  based  on  a  random 
network  model  constructed  by  Bell  and  Dean*11S*from  balls  and  wires.  About 
600  "atoms"  are  contained  in  the  model,  so  that  long-wavelength  modes 
cannot  be  represented.  It  seems  likely,  however,  that  computer  calculations 
of  the  response  of  their  model  and  other  models  to  static  applied  stresses 
would  yield  considerable  insight. 

The  alloying  of  vitreous  allies  with  the  various  components 
.hat  lead  to  commercial  glasses  leads  to  marked  changes  in  physical  properties. 
As  an  illustration,  the  systems  SiO  -M  O,  where  M  is  an  alkali  metal,  are 
discussed  here.  The  changes  of  elastic  moduli  with  Mo0  concentration  are 
not  well  understood.  These  factors  appear  to  be  Important.  In  apparently 
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homogeneous  systems,  it  is  generally  believed  that  the  introduction  of  M  O 

ml 

destroys  the  continuity  of  the  relatively  still  silicate  network,  with  some 
oxygens  bonded  to  one,  rather  than  two,  silicons.  That  is,  nonbridging 
oxygens  are  introduced.  This  leads  to  decreases  in  the  moduli.  On  the  other 
hand,  the  alkalis  fill  the  interstices  in  the  silicate  network,  presumably 
leading  to  increases  of  the  moduli.  The  role  of  phase  separation  is  even  less 
understood. 

Most  success  relating  to  fundamentals  may  be  anticipated  from 
studies  of  homogeneous  glasses.  In  these,  data  on  shear  moduli  are  quite 
incomplete  and  should  be  obtained.  Of  the  parameters  considered  in  this 
section,  the  most  prominent  changes  are  associated  with  the  thermal 
expansion.  The  room  temperature  ads  of  all  the  M20-Si02  glasses  increase 
markedly  with  increasing  M  O  concentration/114^  The  r<x  m  temperature 
a  of  a  12-mole  percent  KgO  silicate  glass  is  approximately  four  times  that 
of  pure  vitreous  silica.  This  suggests  that  the  number  or  nature  of  the 
modes  contributing  negatively  to  the  thermal  expansion  is  changing  markedly. 
These  changes  may  be  consistent  with  the  concept  of  lionbridging  oxygens 
because  those  modes,  as  discussed  above,  are  pictured  as  consisting  of 
oxygen  motion  perpendicular  to  the  Si-O-Si  planes.  In  addition,  the  alkalis 
add  a  restoring  force,  associated  with  motion  of  oxygens  parallel  to  the  line 
that  joins  them  to  the  alkalis,  which  contributes  positively  to  the  thermal 
expansion  and  which  should  Increase  the  frequencies  of  these  modes.  Support 
for  this  v\  turn  could  be  obtained  through  measurements  of  changes  of  the 
previously  mentioned  infrared  peaks  near  400  cm-1  with  composition,  but 
such  measurements  are  quite  incomplete. 

In  closing  this  description  of  the  phenomenology  of  the 
vibrational  characteristics  of  M20-SiOv  glasses,  it  should  be  pointed  out 
that  a  similar  discussion  of  qualitatively  differs  it  but  quite  marked  changes 
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in  M^O-B^O^  glasses  could  have  been  presented.  Here,  again,  there  are 
striking  changes  of  the  thermal-expansion  coefficients  with  composition.  In 
this  case,  moreover,  there  is  a  change  of  boron  coordination  from  three-  to 
four-fold.  Similar  qualitative  explanations  for  the  changes  of  physical 
properties  with  composition  have  been  presented  in  the  literature.  The  role 
of  phase  separation  in  those  systems  in  which  it  is  present  remains  to  be 
explained. 

However,  qualitative  pictures  presented  above  must  leave  us 
unsatisfied.  Because  they  are  qualitative,  there  are  no  means  of  checking 
their  validity.  The  recent  calculations  of  Bell  et  al  .^^of  the  vibrational 
spectra  of  vitreous  SiO  ,  GeO  ,  and  BeF  indicate,  however,  that  a  more 

L*  Li  Li 

complete,  almost  quantitative,  (understanding  is  not  beyond  reach.  These 
authors  constructed  models^ll3^of  the  structures  using  rules  derived  from 
radial-distribution  studies  and  the  random-network  model.  With  simple 
nearest-neighbor  force  constants,  they  were  able  to  obtain  densities  of  modes 
that  are  consistent  with  infrared  and  Raman  studies  of  the  glasses.  Finally, 
their  analyses^^of  the  eigenvectors  have  produced  considerable  insight 
into  the  types  of  atomic  motions  that  make  up  the  different  peaks  in  the 
spectra.  It  seems  likely  that  such  calculations,  combined  with  carefully 
chosen  experiments  and  more  detailed  structural  information,  can  lead  to  an 
understanding  of  the  parameters  of  interest  here,  as  well  as  optical  properties, 
with  composition.  It  seems  reasonable  to  anticipate  that  considerably  larger 
models  of  this  type  will  be  constructed  on  the  computer.  With  such  models, 
the  effects  of  longer- range  interactions  could  be  determined  and  the  role  of 
appreciable  concentrations  of  metal  orides  could  be  studied  using  the  numerical 
techniques  of  Bell  ai.  With  the  rapid  growth  of  computer  memories, 
such  studies  seem  possible,  valuable,  and,  of  course,  exciting. 
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G.  Glass  Ceramics 


Glass  ceramic  is  the  generic  name  for  a  material  that  is 
melted  and  formed  as  a  glass  and  then  almost  completely  crystallized  with 
a  subsequent  heat  treatment.  Composition  and  heat  treatment  must  be 

/lie  1 1  c\ 

selected  to  allow  controlled  nucleation  and  crystallization. '  ’  '  The  final 

properties  of  the  glass  ceramic  are  the  result  of  the  composition,  morphology, 
and  size  of  the  crystalline  phases  and,  to  a  lesser  degree,  the  amount  and 
composition  of  the  residual  glass. 

In  general,  a  glass  ceramic  as  compared  with  its  parent  glass 
is  cryri?  e,  opaque,  harder,  stronger,  and  may  have  different  chemical, 
thermal,  and  electrical  behavior.  Special  compositions  and  heat  treatments 
^an  produce  transparent  or  translucent  glass  ceramics. 

Commercial  glasses  have  long  been  carefully  compounded  to 
avoid  crystallization  because,  when  this  occasionally  happens  in  isolated 
areas,  the  material  is  no  longer  usable.  In  glass  ceiamics,  however, 
copious  nucleation  is  induced  so  that  a  great  many  extremely  small  crystals 
are  formed.  Further  heat  treatment  will  allow  the  crystals  to  grow,  and,  in 
some  cases,  crystalline  phase  changes  cart  occur. 

Several  factors  affect  the  character  of  this  controlled  nucleation 
and  crystallization;  the  most  important  is  chemical  composition.  Many 
compositions  will  crystallize  spontaneously  on  cooling  from  a  melt.  These 
tend  to  be  variable  in  crystal  size  and  orientation  and  generally  cannot  be 
formed  by  normal  glass  -working  processes.  For  controlled  nucleation  and 
crystallization,  nucleating  agents  are  usually  added  to  the  batch.  The 
constituents  readily  precipitate  in  cooling  and  form  the  nuclei  upon  which  the 
crystals  grow.  Common  nucleating  agents  include:  the  metallic  colloids, 
titanium  dioxide,  and  the  titanates,  chromic  oxide,  phosphorous  pentoxide. 
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zirconium  dioxide,  as  well  as  zinc  sulphides  and  certain  fluorides. 

Many  glass  compositions,  with  proper  heat  treatment,  will 
phase-separate  into  two  immiscible  liquids.  By  this  process,  constituents 
may  be  concentrated  into  one  of  the  phases  that  will  promote  nucleation  and 
crystal  growth.  A  great  number  of  glass -forming  silicate  compositions  are 
stable  above  their  liquidus  temperatures  as  two  phases. 

Figure  5  is  a  schematic  representation  of  a  simple  binary 
system  in  which  two  liquids  may  separate  mete  stably.  In  Figure  5a,  a  dotted 
extension  of  the  stable  two-liquid  region  of  the  phase  diagram  encloses  the 
metastable  immiscibility  gap, where  separation  can  occur  upon  controlled 
cooling  from  the  melt  or  upon  reheating  a  single -phase  quenched  glass. 

Figure  5b  shows  the  metastable  region  under  an  anomalous  s-shaped 
liquidus  curve. 

Heat  treatment  is  the  second  most  important  factor  in  the 
production  of  glass-ceramic  materials.  Since  large  numbers  of  small 
crystals  are  desired,  many  nuclei  must  be  formed.  This  controlled  nucleation 
is  an  essential  step  in  the  process.  Within  a  temperature  interval  immed¬ 
iately  below  the  equilibrium  melting  temperature  of  many  glass-forming 
substances,  there  exists  r.  metaitofcle  zone  in  which  nuclei  do  not  form  at  a 
detectable  ra«.e,  but  in  which  crystals,  once  nucleated,  can  grow.  Below  this 
metastaole  temperature  zone,  nuclei  may  form  spontineously  and  homogene¬ 
ously.  But  as  the  glass  cools  further,  a  high- viscosity  zone  is  reached 
in  which  the  formation  of  nuclei  is  again  inhibited.  Figure  6  schematically 
represents  the  rate  of  homogeneous  nucleation  and  crystal  growth  in  a 
viscous  liquid  as  a  function  of  temperature.  The  kinetics  controlling  nuclea¬ 
tion  and  crystal  growth,  particularly  of  nonhorogeneout  nucleation,  are  not 
fully  understood. 


DEGREE  OF  UNDERCOOLING 


^ROOM  TEMPERATURE 


RATES  OF  NUCLEATION  AND  GROWTH 


Figure  6.  Rates  of  homogeneous  nucleatlon  and 
crystal  growth  as  functions  of  the  degree  of 
undercooling  In  a  viscous  liquid.  Note  the  two 
metastable  temperature  zones  in  which  homo¬ 
geneous  nucleatlon  is  infinitel>  slow. 
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Most  products  made  of  glass  ceramics  are  formed  and 
annealed  as  glass  prior  to  a  crystallizing  heat  treatment.  A  heat  treatment  is 
then  given  the  ware  to  nucleate  and  crystallize  it.  A  typical  heat-treating 
cycle  is  shown  in  Figure  7.  In  some  cases,  the  product  may  be  cooled  just 
to  the  nucleating  temperature  after  forming  and  then  heat-treated  directly  to 
obtain  proper  crystallization.  (See  dotted  line  in  Figure  7. )  The  time  and 
temperature  curve  will  depend  upon  the  composition,  size,  and  shape  of  the 
ware,  and  the  character  of  the  crystals  desired. 

The  effect  of  time  and  temperature  the  crystalline 

character  of  a  low-expansion  experimental  glass  ceramic  is  shown  in 

Figure  8.  (Composition  of  this  glass  ceramic  is:  65%  SiO  ,  23%  A£  O  , 

2  2  3 

1. 8%  MgO,  3. 8%  Li  O,  1. 5%  ZnO,  2. 0%  ZrO  ,  2.  0%  TiO  ,  and  0.  9%  As  0o. ) 

It  is  seen  from  the  Figure  chat  the  lowest  temperature  at  which  complete 
crystallization  can  occur  is  about  770°C  with  a  longer  than  15-hour  hold.  The 
crystalline  phase  with  this  thermal  treatment  is  entirely  8-quartz  solid 
solution  and  the  crystals  are  so  small  and  so  well  matched  in  refractive  index 
that  the  material  is  transparent.  At  a  higher  temperature,  8-spodumene 
solid  solution  will  appear  and,  after  a  two-hour  hold  at  950°C,  the  material 
will  be  fully  crystalline  and  only  8-spodumene  will  be  present.  This  higher- 
temperature  material  will  have  larger  crystals  (about  1  pm  in  diameter)  and 
will  be  opaque. 

The  difference  in  expansion  of  8 -quartz  and  8-spodumene  is 
not  great  but  considerable  difference  in  expansion  does  exist  between  the 
parent  glass  and  the  crystalline  phases.  In  a  massive  piece  of  ware  made  of 
this  composition,  considerable  stress  can  develop  on  cooling,  should  different 
degrees  of  crystallization  exist  in  any  part  of  the  piece. 

n  | 

In  an  experimental  magnesium-aluminosilicate  glass  ceramic' 
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Figure  8.  Time-temperature  metastable  phase  diagram 
for  glass  ceramic  composition  1 
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(65%  SiO  ,  25%  Al  O  ,  10%  MgO  and  10%  ZrO  )  when  heat-treated  at  880°C 

£  Z  O  4 

for  four  hours  followed  by  a  four-hour  hold  at  960°C,  a  transparent  colorless 
material  totally  crystallized  as  6-quartz  solid  solution  and  tetragonal  zirconia 
was  obtained.  This  material  has  a  coefficient  of  thermal  expansion  of 
30  x  10  7/°C.  If,  however,  it  is  heat-treated  at  800°C  for  four  hours, 
followed  by  a  six-hour  hold  at  1100°C,  the  material  will  be  totally  crystallized 
as  o-quartz,  spinel,  and  tetragonal  zirconia,  and  it  will  have  an  expansion  of 
120  x  10  7/°C.  In  this  case,  should  differences  in  temperature  exist  in  a 
massive  piece  during  heat  treatment  so  that  these  different  phases  would 
crystallize,  high  zonal  stresses  will  develop. 

1.  Commercial  Glass-Ceramic  Materials 

Several  glass-ceramic  materials  are  now  available  in  commer¬ 
cial  products.  Some  of  these  are  listed  in  Table  I. 

Various  physical  properties  of  selected  glass-ceramic  compo¬ 
sitions  are  given  in  Table  II. 

These  materials  have  l»een  developed  for  specific  applications 
and  not  for  massive  structural  uses.  Some  of  the  properties  listed  may  not  be 
attainable  in  thick  sections  without  adjustment  of  composition  and  process. 
Research  and  development  are  needed  to  determine  the  character  of  the  material 
desired  and  to  develop  the  compositions  and  processes  for  massive  structures 
for  naval  applications. 

_ lor, -Exchange  Strengthening  of  Glass  Ceramics 

Because  glass  ceramics  are  essentially  free  from  open  flaws, 
and  are  nonporous  ft  ul  polycrystalline,  they’  are  uniquely  suitable  for  strength¬ 
ening  by  surfactvpresvressing  methods/1*9^  These  methods  can  be  divided 
into  two  general  categories,  with  two  subdivisions  each,  as  follows: 


Table  I  -  Some  Commercial  Glass  Ceramics 


COMMERCIAL  DESIGNATION 

CR7STAL  PHASES 

PROPEP.TIES 

APPLICATIONS 

Corning  8603 

Li.O.  2  SiO„ 

2  2 

sio2 

Photochemically  machineable 

Printed  circuit 
boards 

Corning  9606 

2  MgO.  2A£203.  5S102 

sio2 

Ti02 

Low  expansion,  transparent 
to  RF  waves 

Radomes  for 
missiles 

Corning  9608 

3-apodumene  solid 
solution 

Ti02 

Low  expansion,  good  chemical 
durability 

Cooking  utensils 

Neoceram  (Japan) 

S-spodumene  solid 
solution 

Low  expansion 

Cooking  ware 

Owens-Illinois  Cer-Vit 
(C-101) 

8-quartz  solid 
solution 

Very  low  expansion,  transparent 

Telescope  mirrors 

Corning  030 ‘t 

Nu  O.  Ai  O  .  2SiO 

2  2  3  2 

BaO.  Ai  O  .  2SiO 

2  3  2 

High  strength 

Tableware 

Dinnerware 

Corning  i)330 

0-spodumene  solid 
solution 

TiO, 

C, 

High  strength,  low  expansion, 
translucent,  gray 

Building  cladding 
Bench  tops 

Corning  0333 

3-spodumene  solid 
solution 

High  strength,  low  expansion, 
opaque  wl  ite 

Building  cladding 
Bench  tops 

English  Electric  Co. 

! 

. 

Uthlum  disilicate 
zinc  orthosilicate 
■v-oristobalite 

P.,0. 

2  a 

High  expansion,  metal  seal 
compatible 

Metal  seals 
Insulators 

Coming  961 1 

Body 

>  -qua  rtz  solid 
snluli  .in 

MgO.A4p3 

MgO.  AO, 

Surface 

3  -spodtunene  s.  ?. 
S-quartz  s.  s. 

High  strength,  higr  expansion, 
surface  compression 

Table  II  -  Physical  Properties  of  Some  Glass  Ceramics 
(»  From  Published  Data) 
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1.  Strengthening  by  Expansion  Differences 

a.  Solid  Solutions 

b.  Phase  Transformation 

2.  Strengthening  by  "Crowding”  or  "Stuffing" 

a.  Solid  Solutions 

b.  Phase  Transformation 

It  is  well  known  that  the  presence  of  a  low  expansion  surface 
on  a  higher-expansion  body  results  in  strengthening.  This  type  of  surface 
prestressing  can  be  developed  in  glass  ceramics  by  the  formation  of  solid 
solutions  or  by  phase  transformations.  The  wide  variety  of  metastable  and 
stable  phases  that  can  be  crystallized  from  a  glass  and  the  considerable 
compositional  variation  possible  due  to  solid  solution  form  the  basis  for  these 
strengthening  techniques. 

The  "crowding"  mechanism  involves  the  development  of  surface 

compressive  stresses  by  the  exchange  of  large  ions  for  small  in  a  process 

analogous  to  that  which  takes  place  in  the  ion-exchange  strengthening  of 
,  (27,28) 

glasses.  Replacement  of  a  small  ion  by  a  large  ion  is  believed  to 

elastically  deform  the  cation-oxygen  bonds  in  the  crystal  lattice.  This 
atomic-level  distortion  produces  a  surface-compressive  stress  that  is 
proportional  to  the  difference  in  size  between  the  two  ions  exchanged.  The 
ion-for-ion  replacement  may  also  result  in  a  surface  transformation  to  a 
phase  with  a  larger  unit  volume.  This  also  results  in  the  "crowding"  and 
produces  surface  compression. 

Numerous  glasses  are  capable  of  controlled  internal  crystal¬ 
lization  when  properly  nucleated.  A  few  representative  compositions  are 
listed  in  Table  llI^19^along  with  the  crystal  phases  present  and  the  thermal- 
expansion  coefficients  of  the  resulting  materials.  These  glass  ceramics  were 
chemically  strengthened  by  either  the  expansion  difference  or  the  "crowding" 
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mechanism. 

(119) 

Table  IV  'lists  those  glass  ceramics  in  the  above  study  that 
were  strengthened  by  expansion  differences,  and  Table  V^^lists  those 
strengthened  by  the  "crowding"  mechanism. 

Compositions  1  and  5  in  Table  III  are  interesting  in  that  they 

are  both  magnesium-aluminosilicate  glasses,  and  both  can  be  strengthened  by 

ion  exchange,  producing  a  0-quartz  solid- solution  skin  having  a  lower  expansion 

coefficient  than  the  body.  In  Composition  1,  the  body  contains  o-quartz,  spinel 

-7  o 

and  enstatite,  with  a  linear  coefficient  expansion  of  100  x  10  /  C,  and 

Composition  5  contains  0-quartz  and  MgTi  O  with  an  expansion  coefficient  of 
rj  2  5 

40  x  10  /  C,  In  both  of  these  compositions,  a  lithium-for  magnesium  ion 
exchange  will  occur,  and  they  result  in  strong  materials  with  142, 000  and 
160,000  psi  modulus  of  rupture,  respectively. 

Other  investigations  have  been  made  on  the  ion-excliange 
strengthening  of  &-quartz  glass  ceramics  with  linear  coefficients  of  thermal 
expansion  measured  in  the  0°  to  300°C  range  from  +  50  x  10  7/°C  to 
20  x  10  */°c.  These  materials  can  be  made  transparent  or  opaque.  Most  of 
the  transparent  and  opaque  stulfed-3-quartz  glass  ceramics  can  be  strengthened 
by  ion  exchange,  either  through  a  potassium-for-lithium  ion  reaction  in  a 
potassium  salt  bath  or  a  lithium-for-magnesium  reaction  in  a  lithium  salt 
bath.  Modulus-of-rupture  values  for  abraded  specimens  range  from  30, 000 
to  160,  000  psi. 

The  high-expansion  sodium-aluminosilicate  and  the  sodium- 
barium-aluminosilicate  systems  of  glass  ceramics  have  been  studied  for 
ion-exchange  strengthening.  't  hese  compositions  result  in  nepheline 

■••7  o 

crystallization  and  an  expansion-coefficient  range  between  100  and  130  x  10  /  C, 
depending  upon  the  relative  amounts  of  sodium,  potassium,  and  other  ions 
present.  When  they  are  ion-exchanged  with  potassium  for  sodium,  the 


Table  V  -  Glass  Ceramics  S» reniythened  by  "Crowdin 
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crystals  are  altered  from  hepheline  to  kalsilite.  The  alteration  exists  on  the 
surface  of  the  nepheline  crystals  and  the  amount  is  time-  and  temperature- 
dependent.  This  conversion  involves  about  10  percent  volume  increase  and 
produces  a  high-compression  surface  layer  due  to  "crowding. " 

Glass  ceramics  have  higher  relaxation  temperatures  than 
their  parent  glasses  and  can  therefore  be  ion-exchanged  at  higher  tempera¬ 
tures.  The  double  advantage  of  increased  diffusion  rates  and  less  strain 
relaxation  results  in  higher  surface  compression  and  thicker  diffusion  layers. 

3.  Other  Methods  of  Strengthening  Glass  Ceramics 

Three  other  methods  of  strengthening  glass-ceramics  have 
been  developed: 

1.  Surface  crystallization 

2.  Low-expansion  applied  coatings 

3.  Thermal  tempering 

Surface  Crystallization 

Certain  compositions  of  glass  ceramics  tend  to  nucleate  from 
(42) 

the  surface.  Other  compositions  may  be  made  to  crystallize  from  the 
surface  by  means  of  surface  additions  or  a  salt-bath  treatment.  The  interior 
glass  may  or  may  not  be  crystallized.  A  very  strong  material  results  when 
the  surface  crystal  is  a  low-expansion  species.  On  cooling,  large  compressive 
stresses  are  developed  on  the  surface. 

Coatings 

The  art  of  glazing  ceramic  bodies  to  provide  a  decorative 
effect  and  to  render  them  impermeable  to  liquids  has  been  practiced  for 
thousands  of  years.  Recently,  glazing  has  become  a  science,  and  the  structure 
and  properties  of  glazes  and  their  reactions  with  the  body  have  been  investi¬ 
gated.  Except  for  some  hard-fired  porcelain  insulators,  care  has  always 
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been  taken  to  match  fairly  well  the  expansions  of  the  glaze  and  the  body  to 
minimize  spontaneous  chipping  and  breaking. 

Since  the  discovery  of  glass  ceramics,  the  study  of  glaze 
reaction  to  these  new  materials  has  been  Initiated.  Because  of  the 
inherent  homogeneity  and  strength  of  glass  ceramics,  they  will  safely  support 
a  high-compression  surface  layer.  With  the  proper  pairing  of  glaze  composi¬ 
tion  and  glass-ceramic  body,  a  good  interaction  is  obtained  between  body  and 
glarse  to  produce  a  diffused  intermediate  zone.  These  investigations  have 
resulted  in  the  commercial  production  of  strong  tableware.  Strength  of  two  to 
four  times  that  of  the  body  material  resulted  from  this  system  of  compressive 
glazing. 

Thermal  Tempering 

Glass-ceramic  materials  can  be  physically  tempered.  Since 
glass-ceramic  materials  generally  have  a  small  amount  of  residual  glass, 
they  are  capable  of  adjusting  themselves  to  zonal  strains  created  by  thermal 
gradients  at  elevated  temperatures.  Should  this  adjustment  take  place  and  the 
temperature  differences  be  maintained  on  cooiii  g,  reverse  stresses  will  occur 
as  gradients  are  equalized  at  room  temperature.  These  tempering  treatments 
can  be  superimposed  upon  ion-exchanged  compressive  layers  by  treatment 
either  before  or  after  tempering.  The  amount  of  superimposed  tempering 
stress  will  depend  upon  the  thermal  expansion  of  the  material,  the  shape  and 
size  of  the  ware,  and  the  severity  of  quench. 

_ 4.  Problem  of  Scale-Up  and  Control 

In  the  case  of  glass  ceramics,  the  problems  of  scale-up  and 
control  are  not  just  engineering  problems.  The  composition  must  be  designed 
to  allow  massive  fabrication.  The  forming,  cooling,  and  heating  of  massive 
pieces  cannot  be  accomplished  with  the  speeds  used  for  a  skillet  or  a  radome. 
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Therefore,  it  will  probably  be  necessary  to  slow  down  the  rate  of  nucleation 
and  crystal  growth  so  that  the  necessary  control  can  be  maintained.  There  is 
a  substantial  evolution  of  heat  during  the  crystallization  process,  and  the 
dissipation  of  this  heat  will  evidently  become  a  part  of  the  scale-up  problem. 
If  a  transparent  glass  ceramic  is  required,  the  heat  treatment  must  be 
terminated  before  excessive  crystal  growth  occurs. 

This  problem  of  the  need  for  a  proper  heat  treatment  for 
controlled  nucleation  and  proper  crystal  growth  may  limit  the  composition 
ranges  available  and,  hence,  the  character  of  the  glass  ceramics  suitable 
for  this  uce. 
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THE  NATIONAL  ACADEMY  OF  SCIENCES  is  a  private,  honorary  organization  of 
more  than  700  scientists  and  engineers  elected  on  the  basis  of  outstanding  contributions 
to  knowledge.  Established  by  a  Congressional  Act  of  Incorporation  signed  by  Abraham 
Lincoln  on  March  3,  1863,  and  supported  by  private  and  public  funds,  the  Academy 
works  to  further  science  and  it;,  use  for  the  general  welfare  by  bringing  together  the 
most  qualified  individuals  to  deal  with  scientific  and  technological  problems  of  broad 
significance. 

Under  the  terms  of  its  Congressional  chatter,  the  Academy  is  also  called  upon  to 
act  as  official — yet  independi  at— advisor  to  the  Federal  Government  in  any  matter  of 
science  and  technology.  This  provision  accounts  for  the  close  ties  that  have  always 
existed  between  the  Academy  and  the  Government,  although  the  Academy  is  not  a 
governmental  agency  and  its  activities  are  not  limited  to  those  on  behalf  of  the 
Government. 

THE  NATIONAL  ACADEMY  OF  ENGINEERING  was  established  on  December  6, 
1964.  On  that  date  the  Council  of  the  National  Academy  of  Sciences,  under  the 
authority  of  its  Act  of  Incorporation,  adopted  Articles  of  Organization  bringing  the 
National  Academy  of  Engineering  into  being,  independent  and  autonomous  in  its 
organization  and  the  election  of  its  members,  and  closely  coordinated  with  the  National 
Academy  of  Sciences  in  its  advisory  activities.  The  two  Academies  join  in  the  further¬ 
ance  of  science  and  engineering  and  share  the  responsibility  of  advising  the  Federal 
Government,  upon  request,  on  any  subject  of  science  or  technology. 

THE  NATIONAL  RESEARCH  COUNCIL  was  organized  as  an  agency  of  the  National 
Academy  of  Sciences  in  1916,  at  the  request  of  President  Wilson,  to  enable  the  broad 
community  of  U.  S.  scientists  and  engineers  to  associate  their  efforts  with  the  limited 
membership  of  the  Academy  in  service  to  science  and  the  nation.  Its  members,  who 
receive  their  appointments  from  the  President  of  the  National  Academy  of  Sciences, 
are  drawn  from  academic,  industrial  and  governmental  organizations  throughout  the 
country.  The  National  Research  Council  serves  both  Academies  in  the  discharge  of 
their  responsibilities. 

Supported  by  private  and  public  contributions,  grants,  and  contracts,  and  voluntary 
contributions  of  time  and  effort  by  several  thousand  of  tne  nation’s  leading  scientists 
and  engineers,  the  Academies  and  their  Research  Council  thus  work  to  serve  the 
national  interest,  to  foster  the  sound  development  of  science  and  engineering,  and  to 
promote  their  effective  application  for  the  benefit  of  society. 

THE  DIVISION  OF  ENGINEERING  is  one  of  the  eight  major  Divisions  into  which 
the  National  Research  Council  is  organized  for  the  conduct  of  its  work.  Its  membership 
includes  representatives  of  the  nation’s  leading  technical  societies  as  well  as  a  number 
of  members-at-largc.  Its  Chairman  is  appointed  by  the  Council  of  the  Academy  of 
Sciences  upon  nomination  by  the  Council  of  the  Academy  of  Engineering. 

THE  NATIONAL  MATERIALS  ADVISORY  BOARD  is  a  unit  of  the  Division  of  Engi¬ 
neering  of  the  National  Research  Council.  Organized  in  1951  as  the  Metallurgical 
Advisory  Board,  through  a  series  of  changes  and  expansion  of  scope,  it  became  the 
Materials  Advisory  Board  and,  in  January  1969,  the  National  Materials  Advisory 
Board.  In  consonance  with  the  scope  of  the  two  Academies,  the  general  purpose  of  the 
Board  is  the  advancement  of  materials  science  and  engineering,  in  the  national  interest. 
The  Board  fulfills  its  purpose  by:  providing  advice  and  assistance,  on  request,  to  gov¬ 
ernment  agencies  and  to  private  organizations  on  matteis  of  materials  science  and 
technology  affecting  the  national  interest;  focusing  attention  on  the  materials  aspects 
of  national  problems  and  opportunities,  both  technical  and  nontechnical  in  nature,  and 
making  appropriate  recommendations  as  to  the  solution  of  such  problems  and  the 
exploitation  of  these  opportunities;  performing  studies  and  critical  analyses  on  mate¬ 
rials  problems  of  a  national  scope,  recommending  approaches  to  the  solution  of  these 
problems,  and  providing  continuing  guidance  in  the  implementation  of  resulting 
activities;  identifying  problems  in  the  interactions  of  materials  disciplines  with  other 
technical  functions,  and  defining  approaches  for  the  effective  utilization  of  materials 
technologies;  cooperating  in  the  development  of  advanced  educational  concepts  and 
approaches  in  the  materials  disciplines;  communicating  urn!  disseminating  information 
on  Hoard  activities  and  related  national  concerns;  promoting  cooperation  with  and 
umong  the  materials-related  professional  societies;  maintaining  an  awareness  of 
trends  ami  significant  advances  in  materials  technology,  in  order  to  call  attention  to  op¬ 
portunities  and  possible  roadblocks,  and  their  implications  for  other  fields,  and  recog¬ 
nizing  and  promoting  the  development  and  application  of  advanced  concepts  in  materials 
and  materials  processes. 


